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FOREWORD

The Reactor Development Program Progress Report de-
scribes current activities, technical progress, and technical
problems in the program at Argonne National Laboratory
sponsored by the USAEC Division of Reactor Development
and Technology. Not all projects are reported every month,
but a running account of each project is maintained in the
series of reports.

The last six reports
in this series are:

January 1971 ANL-7776
February 1971 ANL-7783
March 1971 ANL-7798
April-May 1971 ANL-7825
June 1971 ANL-7833

July 1971 ANL-7845




REACTOR DEVELOPMENT PROGRAM
Highlights of Project Activities for August 1971

EBR-II

Further experience with GLASS (Ge-Li Argon-scanning System)
indicates that it is faster and more sensitive than previous methods used
for monitoring fission products. It detected an increase in cover-gas
activity at least l% min sooner than other systems. Also, it gives data on
some short-lived isotopes not previously monitored. These data give
more detail on activity increases than could be obtained before.

The first two in a series of three irradiations in EBR-II of sub-
assemblies containing dosimetry-foil materials have been concluded. One
was at 50 kWt for 1 hr and one was at 62.5 MWt for 8% days.

The Graphics Display Library of the Digital Data Acquisition Sys-
tem has been put into operation. The library allows use of the full capa-
bility of the graphic-display unit.

LMFBR DESIGN SUPPORT

Engineering Mechanics

A computer program (DYPHLHX) has been developed for calculat-
ing dynamic plastic deformation of hexagonal shells typical of LMFBR
subassembly ducts. The program is based upon an arbitrary time descrip-
tion of an internal load and assumes rigid plastic material behavior. Test
problems, using rectangular, exponential decay and linear decay as
pressure-pulse-shape descriptions, have been successfully executed.

REACTOR PHYSICS

FTR Power Distribution and Coolant-voiding Experiments

Experimental measurements directed primarily at determining the
power distribution in the FTR, now simulated in the beginning-of-life (BOL)
configuration of the Engineering Mockup Critical, were made in ZPR-9.
For this purpose, the relative radial reaction-rate distributions of
239py(n,f), 2*®U(n,f) and °B(n,a) were evaluated in this reactor.

In ZPPR, sodium-voiding measurements were made in both pin and
plate environments in support of the FTR program to obtain data to test
the calculations of the central void effect. A perturbation-sample method
of evaluating sodium worth by integration of traverse data was developed,
and results were correlated with worths in the FTR voiding configurations.



LMFBR Physics Parameter Changes Near a Boron Control Rod

A series of control-rod experiments, planned to characterize the
effects of a single LMFBR-type B4C control-rod assembly on important
core-physics parameters, has begun in the high-plutonium-240 zone on
ZPR-6, Assembly 7. Reactivity worths and reaction rates were deter-
mined in the vicinity of a simulated rod, with and without a l/Z-in. BeO
control-rod sheath. In the region of the BeO-softened neutron spectrum,
the worth of the B4C control rod is enhanced and the relative fission rates
in 239Py and 2%°U are increased, but the fission rate in 238y is essentially

unchanged.

REACTOR SAFETY

Fuel-Coolant Interactions

The medium-energy power-excursion Test S7 has been performed
in the piston autoclave within TREAT. This was the initial transient melt-
down test that used sections of prototypal FFTF fuel and sodium at 500°C.
For this test, the piston did not vent the fuel chamber at full stroke as it
did in previous tests. The average energy deposited in the fuel in the
S7 test, 514 cal/g UO,, was comparable to that in Tests S3, S5, and Sé6,
which were conducted with ~200°C sodium. The largest pressure pulse
observed in Test S7 was 430 psi, and the calculated conversion ratio from
thermal into mechanical energy was 6 x 1076, Both these values are the
lowest observed in any of the S-series tests, probably because of the 20%-
lower fuel-failure threshold energy in Test S7. However, because of un-
certainties about the governing mechanisms, it is not yet possible to
conclude that lower pressures and conversion efficiencies will always
result from pin meltdown in 500°C sodium than in 200°C sodium. Analysis
of the S7 results is continuing.
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I. EXPERIMENTAL BREEDER REACTOR NO. II

A. Analysis and Testing

1. Reactor Analysis, Testing, and Methods Development (02-144)

a. Nuclear, Thermal, and Hydraulic Surveillance (Last reported:
ANL-7833, p. 1.1)

(1) Self-powered Ion Chambers (J. R. Karvinen and C. C. Price).

A self-powered ion chamber (see ANL-7705, p. 100) requires no external
power source and, consequently, no high-voltage leads. Such devices are
small and rugged and can withstand the environment of LMFBR systems.
They have been successfully used in thermal reactors.* However, the
only known experience with them in a fast breeder system is that acquired
at EBR-II in instrumented subassemblies XX01 and XX03.

The self-powered ion chamber resembles a conventional
ion chamber in many respects. Principal components of a typical chamber
(see Fig. I.1) are: a central electron-emitting material attached to a con-
ducting lead, mineral insulation, and a collector, which usually is the exter-
nal protective sheath. A compensating lead of the same material, size, and
geometry as the central conductor is used to compensate for the signal
generated in the conductor lead.

CONSTRUCT ! ON OPERATION
CABLE
DETECTOR INSULATOR
COLLECTOR INSULATOR  (ALUMINUM OR , EMITTER
(INCONEL)  (ALUMINUM MAGNESIUM OXIDE)
0.0625-in. 0D OXIDE)

INSULATION

COLLECTOR CURRENT
METER

SIGNAL LEAD
( INCONEL)
0.010-in. 0D

CURRENT PRODUCED BY INCIDENT
EMITTER WELD  COMPENSATION RADIATION EJECTING ELECTRONS

0.020-in. 0 D LEAD, (INCONEL) QR BETA PARTICLES FROM EMITTER
0.010-in. O D

Fig. I.1. Self-powered Detector

These ion chambers operate on the following principle:
Radiation incident on the emitter results in energetic electrons that pene-
trate the insulation and reach the collector (see Fig. I.1). The resulting
excess of charge on the collector causes a potential difference between the

*A. Goodings, Technical Survey No. 1, In-core Instrumentation: In-core Neutron Flux Detectors for Power
Reactors, Nucl. Eng. International, pp. 599-603 (July-Aug 1970).
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1.2

emitter and the collector. If the central conductor is connected to the outer
sheath through a resistor, the rate of charge production is directly propor-
tional to the rate of absorption of radiation by the emitter.

There are three principal mechanisms for conversion of

incident radiation to energetic electrons.

(a) Neutron Capture followed by Beta Decay. Neutron
capture in the emitter results in a radioisotope, e.g., I3Rh, that decays by
beta-particle emission. The capture product is 104ph, which emits 2.4-MeV
beta particles with a 42-sec half-life.

(b) Neutron-capture Gamma Conversion. Neutron capture
in the emitter results in prompt-capture gamma radiation that is partially
absorbed in the emitter itself. As a result of this absorption, Compton
electrons and photoelectrons are produced. For emitters using this effect,
the cross-section for neutron absorption should be large, but the product
nuclide should be free of interfering beta emissions. In practice, a mate-
rial with a very long-lived beta emitter can be used, because the buildup of
the extraneous beta signal is relatively slow. An example of such material
is *’Co, which has a beta-emitting half-life of 5.3 years. However, cascade
gamma radiation, emitted within 10" sec after neutron capture, ejects
Compton electrons and photoelectrons. Thus the response of the detector,
which is a function of the electron collection, is prompt.

(c) Gamma Absorption. Gamma radiation incident on the
emitter ejects Compton electrons and photoelectrons. For detectors using
this effect, the material should have a low cross section for neutron absorp-
tion and a large gamma-absorption coefficient. Lead, for example, satisfies
these requirements. Such detectors, too, have essentially prompt responses.

All three of the electron-emitting processes described above
also take place in the emitter and collector leads. These lead-interference
effects can be canceled by connecting the emitter and compensation leads in
bucking configuration. See Fig. I.1 for details of the compensating lead.

n The first irradiation of a self-powered detector in EBR-II
was in instrumented subassembly XX01. The results from irradiation
studies showed that the response was nearly linear with power, with a slight
tendency for decreasing efficiency at higher powers.

The results of these tests were so encouraging that plans
were made to incorporate additional chambers in instrumented subas-
sembly XX03, with emphasis on compensation and shorter response times,
(Thev detector in XX01 was not compensated.) Two detectors were selected
and 1n'sta1.1ed.' One had a rhodium emitter, 20 cm (7.87 in.) long and
0.020 in. in diameter, and the other a cobalt emitter 35 cm (13.78 in.) long

and 0.020 in. in diameter. Both chambers were compensated.



Both detectors are being irradiated. The results obtained

during a typical reactor startup, Run 50F, are presented in Fig. I.2. For
comparison, the response of a

e T T T T T T T conventional compensated ion
U e chamber in the J-4 thimble is
Tl e s oo o o also given. In general, the
data indicate that the responses
LS — of both self-powered ion cham-
X 10! bers and the conventional com-
e —| pensated ion chamber are
- reasonably linear with power.
1 L2 -
E Figure 1.2 also
3 "o - shows the signal of the com-
g x 102 pensation lead for the rhodium
O = s gt detector. The signal from the
~ compensation lead of this cobalt
0.6~ x10-2 —| detector is not shown because
/)/ of malfunction of the detector;
0.4 — the compensation lead appears
74 to have developed a short to the
0.2}- - emitter.
. 1 1 1 1 1 1 1 (2) Effects of Over-
0 0 20 30 s 50 6 70 = :
REACTOR PovER, vt power Conditions on Irradiated
EBR-II Driver-fuel Elements
Fig. 1.2. Currents of Self-powered Detector (J. F. Koenig and C. C. Ford).
for Startup of EBR-II Run 50F At 1.5 at. % burnup, most of the

. sodium bond in a Mark-IA fuel
element has been forced into the gas space by fuel swelling. As a conse-
quence, the filling gas can be compressed up to as much as 1400 psi. Such
pressures are not of concern under normal steady-state operating conditions.
If, however, a control rod should inadvertently be inserted at 5 in./min, the
resulting power increase would heat the displaced sodium and, because the
thermal expansion of the sodium is about five times that of the cladding, the
gas pressure might increase to values of the order of 3000-4000 psi, if fuel
incompressibility is assumed.

To assess the effects of such a transient on irradiated
Mark-IA driver-fuel elements, calculations, based on the BEMOD code, *
were carried out. Although BEMOD is a steady-state program, the short
time constant of the fuel (about 0.3 sec) permits near-equilibrium fuel
temperatures during the relatively slow transient initiated by continuous
control-rod insertion. Output from the program consists of pressure-stress
information.

*V. Z. Jankus, BEMOD, A Code for the Lifetime of Metallic Fuel Elements, ANL-7586 (July 1969).
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1.4

The expansion of displaced sodium under transient condi-
tions can be accommodated by either straining the cladding or compressing
the fuel. The results of a BEMOD calculation, which give the gas pressure
as a function of power, are summarized in Fig. I.3. Conditions assumed
in the calculations were a burnup of 1.8% and an initial full-power rating
of 6 kW/ft. Two cases are shown: one in which the fuel is "allowed to )
compress, and the other in which the fuel is assumed to be 1ncompres‘s?b1e.
As the data indicate, the effects of high power on gas pressure are minimal
for compressible fuel. For incompressible fuel, however, sodium expan-
sion can be accommodated only by deformation of the cladding.

8000 = T T I | |

/ INCOMPRESSIBLE FUEL

PLENUM PRESSURE, psi

CURVE FOR RUPTURE OF =
o: MARK-IA CLADDING AT
", 1.8at. % BURNUP

2000 — v —

1000 — —

qleetie e DA nlerEs iy (e | |
1 11 12 13 14 15 16 17
POMER, FRACTION OF FULL POKER

Fig. 1.3. Plenum Pressure for a Mark-IA Fuel Element at
1.8 at. % Burnup during an Overpower Transient

Recent measurements of change in volume as a function of
temperature and pressure show that fuel is essentially incompressible
undfer the pressure conditions associated with the transient. Therefore,
sodium expansion can be accommodated only by cladding strain. In the
BEMO]? calculation, it was assumed that only elastic deformation takes
place; i.e., plastic strain was not allowed. Once the yield strength is
reached, however, plastic strain can occur, and it could increase the effec-

Fwe volume of the element. This condition would tend to limit the increase
in gas pressure.



Irradiation damage can reduce the ductility of the cladding
from approximately 40% for unirradiated material to the essentially brittle
condition that exists under conditions of high fluence. Cladding from
Mark-IA elements irradiated to 1.8 at. % has been ruptured, and the clad-
ding strain has been measured (see ANL-7825, p. 1.30). For cladding
samples taken in the fuel region, only small diametral increases (about
0.5 mil or 0.3% AD/D) were noted. Therefore, the elastic model, with
brittle failure used as an upper pressure limit, is not unduly conservative.

Also shown in Fig. I.3 is a smooth curve that relates meas-
ured rupture pressures with power for a Mark-IA fuel element with a burnup
of 1.8 at. %. Thus, if brittle cladding failure is assumed, a Mark-IA ele-
ment could survive a transient up to 125% of nominal full power.

(3) Effects of Blockage of Coolant Flow in Oxide-fueled
Subassemblies (J. F. Koenig). Calculations were made to determine the
degree of blockage of coolant flow that could exist in oxide-fueled subas-
semblies without causing fuel melting or sodium boiling. The models for
blockage used were essentially those described for driver-fuel subassem-
blies in ANL-5719 (Addendum).* Experimental subassembly X040, which
contains 37 unencapsulated mixed-oxide elements, was used as the refer-
erence. The fuel in the X040 elements is a mixture of 20% PuO, and 80%
UO,, with the uranium enriched to 93% in **U. The fuel consists essentially
of a column of fuel pellets in 0.290-in.-OD Type 304 stainless steel cladding,
with a wall thickness of 0.020 in. Power generation in a typical X040 ele-
ment was assumed to be 16 kW/ft.

Also assumed was that fuel at uniform density had swelled
to fill the volume circumscribed by the inner edge of the cladding. The
value used for the contact heat-transfer coefficient between fuel and clad-
ding was 1500 Btu/hr—ft2-°F. Pellet densities for X040 elements range
from 86 to 92% of theoretical density (TD), and smear densities range from
82 to 88% TD. Values used for the thermal conductivity of the fuel were
derived from the expression

1
T[0.4848 - 0.4465(TD)]’

k = 0.0110 +

where k is in W/cm—°C, T is in °C, and TD is the fraction of theoretical
density.

It was assumed that fuel restructuring had occurred and that
uranium-plutonium oxide tends to densify at high temperatures in the pres-
ence of a temperature gradient. Columnar grains with a density of 99% TD
form above 3900°F. Equiaxed grains with a density of 97% TD form between

*L. J. Koch, W. B. Loewenstein, and H. O. Monson, Addendum to Hazard Summary Report: Experimental
Breeder Reactor-II (EBR-II), ANL-5719 (Addendum), p. 233 (June 1962).
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3000 and 3900°F. Below 3000°F, the oxide rema.ins at its fa].aricated density.
A void of a volume that corresponds to the density changes in the fue} forms
at the center of the fuel. Densification of the fuel has been assurned.m :
developing the model used in the calculation_s. .For the reference oxide fue
element used in the analysis, three cases, similar to those of ANL—5'7.19
(Addendum), p. 23 were studied for fuels of 92 and 82% TD. The radii of

the different grain regions are:

Density, % of Theoretical: 92 82

Temperature, °F

Maximum 4580 4360

Surface 1530 1530
Radii, in.

Void 0.0219 0.0389

Columnar grain 0.0658 0.0710

Equiaxed grain 0.0918 0.0966

Original density 0.125 0.125

Case 1: For the Case-l study similar to that of ANL-5719
(Addendum), oxide fuel was assumed to accumulate in the coolant triflute
between the fuel elements. The fuel, assumed to be of the density of the
fabricated pellets, generates heat at the same rate as oxide fuel within the
cladding. One-half of a symmetrical fuel element in the triflute was con-
sidered as subdivided for two-dimensional analysis of heat transfer. The
fuel deposit was assumed to be long enough to permit neglect of axial heat
transfer. The thickness of the symmetrical oxide fuel deposited in the
triflute varied from 0.055 in. at the center of the deposit to 0.028 in. at the
edge. Under these conditions, heat generated in the deposit must be trans-
ferred circumferentially through the fuel deposit, cladding, or fuel to the
sodium coolant 30° away at the edge of the deposit.

Figure 1.4 shows the radial temperature distributions at
the center of the deposit and opposite the deposit, obtained from the
THTB program* for 92%-TD oxide fuel elements. The maximum cladding
temperature at the center of the deposit is 2100°F for 92%-TD and 2170°F
for 82%-TD fuel. Both temperatures are below the melting point (about
2600°F) of Type 304 stainless steel. At 2200°F, the short-term tensile
strength of unirradiated stainless steel is about 2000 psi. This strength
would contain an internal pressure of about 300 psi. The fuel-element
pressure, originating from accumulation of rare-gas fission products, can
easily exceed this value; therefore, the cladding may fail.

y Part of the fuel at the center of the element would be above
the melting temperature (>5000°F). For the model, it was assumed that the

%G1, :
L. Stephens and D. J. Campbell, Program THTB for Analysis of General Transient Heat Transfer Systems,
R60FPD647, General Electric Ca, (Apr 1961).




central void would retain its original dimensions. In reality, however,

the molten fuel might run down the void and solidify on the cooler fuel or

in the bottom of the void. For 82%-TD fuel, the void radius would vary
from 0.039 in. at the axial flux peak to 0.026 in. at the bottom of the fuel
rod. If the voids were filled, the fuel volume would increase from 11% at
the flux peak to 4% at the bottom of the fuel. The corresponding values for
the 92%-TD fuel are an 0.022-in. void at the flux peak and an 0.0099-in.

void at the bottom. The corresponding volumes of the voids are 3 and 0.6%
of the fuel volume. Such fuel movement, if it occurs, would cause reactivity
changes and increases in the axial heat-transfer rate.
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Fig. 1.4. Radial Temperature Distribution at Flux Peak for Case-1 Coolant-
blockage Condition. Element of 92% TD operating at 16 kW/ft
transferring heat to 850°F coolant. Coolant triflute filled with
fuel. ANL Neg. No. 103-P5651 Rev. 1.

Case 2: For Case-2 conditions, the fuel element clad with
stainless steel (0.290-in. OD, with a wall thickness of 0.020 in.) was assumed
to be covered with oxide fuel of a thickness equal to that of a spacer wire,
0.056 in. The fuel deposit, which generates heat, was assumed to be at its
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original density. The angle of the cladding surface that was covered with
fuel was assumed to increase until the cladding reached its melting tem-
perature. No axial heat conduction was considered.

The cladding temperature would exceed the n.lelting point
when approximately 100° of the element surface is covered with fuel. The
maximum oxide temperature is higher for the lower-density fuel becaus.e
of its lower thermal conductivity. The maximum cladding temperature is
also higher for this fuel.

Case 3: The consequences of reduced coolant flow rate in
a subassembly were investigated, Subassembly X040 being used as an
illustration. For the 1/12 of the subassembly considered, the average heat
generation in an element of average heat generation was 13.5 kW/ft; the
element with minimum generation, 13.1 kW/ft; and the element with maxi-
mum generation, 14.2 kW/ft. With this heat generation being maintained,
the flow through the subassembly with maximum generation was reduced
until the cladding-surface temperature exceeded the saturation temperature
of sodium. The HECTIC computer program was used to obtain distribution
of flow and temperature in the subassembly. Forced and eddy-diffusivity-
momentum mixing of the coolant were predicted from the data of Bump.*
Heat transport between coolant channels was by thermal conduction. The
eddy diffusivity of heat was assumed to be negligible at these low Peclet
numbers.

Coolant flow in the subassembly could be reduced to 0.3
of its normal flow before coolant would start to boil. The maximum
cladding-surface temperature was 1735°F, a value that corresponds to a
saturation pressure for sodium of 25 psia. Since the subassembly pressure
at the top of the fuel is of this magnitude, sodium boiling could occur. Be-
cause of its smaller void, the higher-density fuel results in higher maxi-
mum temperatures. At 0.3 of normal coolant flow, the maximum fuel

temperature, 5117°F, is at the melting point of unirradiated hypostoichio-
metric fuel, 5100°F.

The calculations were not continued for flow rates below
0.3 of normal because resulting two-phase flow condition cannot be described
by the HECTIC program. At the maximum cladding temperatures associated
with 0.3 flow, the short-term yield strength of unirradiated cladding would
be about 6000 psi; it would be 18,000 psi at 1000°F (full-flow conditions).
If a 6000-psi yield strength is used, the rupture pressure would be about

900 psi. Because irradiation tends to increase the yield strength, the actual
rupture pressure would be somewhat higher.

*T. R. Bump, Coolant Mixing in Fuel Subassemblies, Trans, Am. Nucl. Soc. 9(2), 571 (Nov 1966)



The effect of coolant flow on temperature mixing in the sub-
assembly, as calculated by HECTIC, was negligible for the central element.
The effect was more pronounced, however, for the overcooled channels
adjacent to the outside channel. At 0.3 of normal flow, the temperature of
the exit coolant adjacent to the central element was calculated to be 1692°F;
that in an outside channel was at 1178°F. If no momentum mixing, conduc-
tion around the cladding circumference, or interchannel thermal conduction
were allowed, the exit temperature of the central-element coolant would be
1694°F, whereas the exit temperature of coolant adjacent to an outside
channel would be 1114°F. The calculated mixing reduced the coolant tem-
perature of the central element by only 2°F.

In summary, oxide subassemblies probably could withstand
a blockage of coolant flow that would reduce the subassembly flow to 0.3 of
normal. Under this condition, sodium boiling would occur next to the hottest
element. Further flow reduction would allow additional boiling to occur.
The accompanying increase in pressure drop would reduce the flow further.

(4) Rod-drop Experiments (H. A. Larson and I. A. Engen).
During Run 49F, rod-drop experiments were done at 58, 50, and 40 MWt,
with calibration data taken at 500 kWt. Calibration data indicate a rod
worth of about 0.020$, it was 0.022$ for Run 49C. (See ANL-7825, p. 1.81.)

Average time-dependent reactivity for three rod drops at
each power level is subtracted from the time-dependent reactivity deter-
mined at 500 kWt to obtain a resulting feedback reactivity. Modeling is done
with the feedback reactivity as described in ANL-7686.* The resulting
models for the feedback transfer functio? for 58, 50, and 40 MWt are,
respectively:

SElls) = -2-058 000502 0.05 DROTNIESISES (1
" 1+0.2s 1+04s 1+2.0s 1+4.0s 1+ 3.0s ’ )
_ 0.055 0.090 0.02 0.01 0.005¢"7-58
L R TR T T W e B T PR T e i
and
0.040 0.080 0.03 0.01 0.005e77-58
-H(s) = + = 5 + = " (3)

1+0.2s 1+0.4s 1+2.0s 1+4.0s 1in S (o))
The units of H(s) are the same as those in ANL-7686.
(5) Rod Oscillator Experiments (H. A. Larson, I. A. Engen,

and M. R. Tuck). Rotary-rod oscillator tests were done for Run 49F at
58, 50, and 40 MWt. Reactor transfer functions were calculated by using

*I. A. Engen, A New Technique for Investigating Feedback and Stability of a Nuclear Reactor, ANL-7686
(June 1970).
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hod described in ANL-7476* and in ANL-7825 (p. 1.82).

ke a are plotted in Fig. 1.5 for frequencies

The magnitude and phase of these dat
from 0.007 to 8 Hz.
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Fig. I.5. Magnitude and Phase of EBR-II Transfer Function,
Run 49F, Normalized to Theoretical Zero-power
Transfer Function at 5.5 Hz

The measured transfer-function phase at zero power did
not exactly match the theoretical phase; a normalization procedure sug-
gested by Hyndman (in ANL-7825) was used to obtain a correction factor,
which was subsequently applied to the measured transfer-function phase at
power. The frequency-dependent correction, which is given by

1er
¢C:¢o+tanl—,
0

*R. W. Hyndman and R. B. Nicholson, The EBR-II Feedback Function, ANL-7476 (July 1968).




it

when applied to the measured phase, minimized the squared difference be-
tween measured and calculated zero-power phase when ¢, = -1.11 and

fo = 315. No corrections were made to the magnitudes of the transfer-
function data.

To assess the reliability of the data, the feedback transfer
function was determined from the oscillator data taken at 58 MWt. Desig-
nating these data as G(s) and the zero-power data as Gg(s), the feedback
transfer function, Hy(s), is determined from

Go(s)
1 + Go(s)Hy(s) "

G(s) =

Figure 1.6 shows a plot of
Hy(jw) along with that calcu-
lated from the rod-drop experi-
ment and shown in Eq. 3 of the
feedback models. The feedback
= functions, in units of the inverse
of the transfer function, are
plotted as a function of increas-
ing frequency, w. Normalization
does not exactly match between
the curves, but good qualitative
comparison can be made.

IMAGINARY PART, AK/K/AP/P

Figure 1.6 shows that
the rod-drop and oscillator
methods are qualitatively

- O MEASURED OSCILLATOR DATA =
O CURVE-FITDATA FROM ROD DROP

~0.0008 1 L 1 L | L L L i
00 R“LPA”:‘?’K‘/K/AWP i equivalent; both methods pre-
dict essentially the same
Fig. 1.6. Real Part of [H(jw)] vs Imaginary transfer function. Efforts are
Part for Run 49F at 58 MWt being made to explain quanti-

tative differences to place the
two methods on as near a one-to-one basis as possible. For example, a
natural mechanical resonance in the oscillator rod near 9 Hz explains the
high-frequency correction on the measured phase that is required.

(6) Temperature Distributions in Mark-II Fuel during the
Transient Induced by Insertion of a Control Rod into an EBR-II Core at
Full-power Operation (R. K. Lo and B. R. Sehgal). Calculations were
made to determine the transient temperature distribution in fresh and
swollen Mark-II fuel resulting from insertion of a control rod into an
EBR-II core during full-power operation. The size of the fresh fuel ele-
ment considered is: fuel, 14.22 in. long and 0.130 in. diameter; Type 304
stainless steel cladding, 0.174-in. OD and 0.150-in. ID; and sodium bond,
0.010 in. thick. According to surveillance studies on Mark-II fuel
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(see ANL-7737, p. 90), at a burnup of about 3 at. %, the fuel swelled radia'lly
to come in contact with the cladding over the whole length and swelled axially

to the restrainer, which is 1 in. above the top of the fresh fuel. The fuel
element is assumed to be in

I T T Row 5. The flow rate is 0.69 gpm/
element. The physical proper-

I
/ ties of fresh Mark-II fuel were
10 assumed to be the same as those
|
50

of Mark-I fuel. For the swollen
fuel, the reduction in density and
- thermal conductivity was ac-

- counted for. The heat-generation
rates of the fresh fuel and the
swollen fuel are 7.706 and

6.843 kW/ft, respectively. Fig-
ure 1.7 shows the power trace
obtained from the computer

code, AIROS-IIA. *

i il

RELATIVE POWER

With the aforementioned
data input to the computer code
THTB (see footnote on p. 1.6),
temperature profiles are ob-
™ s tained. The transient tempera-

tures of the center and surface
Fig. I.7. Increase in Power after Accidental Insertion Of el 1n¥18r = D
of a Control Rod into an EBR-II Core at ding, and sodium coolant are
Normal Operating Power plotted in Fig. I.8.
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Fig. 1.8. Transient Temperatures at Outlet of Hottest Mark-1I Fuel Element

during Insertion of a Control Rod into an EBR-II Core at Full Power
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*A. V. Campise, ANL, private communication (Jan 1971).



At 70 sec after inception of the transient, the peak fuel
temperature of the fresh fuel reaches 1470°F; the peak temperature of fuel
with 3 at. % burnup reaches 1440°F. For neither fuel is the eutectic tem-
perature reached.

b. Analysis for EBR-II

(l) Prediction and Measurement of Reactivity Effects due to
Thermal Bowing of Subassemblies in an EBR-II Core with a Depleted-
uranium Blanket (A. Gopalakrishnan and D. Mohr). The reactivity feedback
due to thermal bowing of the subassemblies in EBR-II is a function of the
core loading, reactor power level, and distribution of coolant flow. Sophis-
ticated thermal-hydraulic codes have recently been developed to calculate
the flow and temperature distributions in the core and blanket regions;
these distributions have been used to estimate the thermal bowing effects
in a current core configuration with a depleted-uranium blanket.

To account for the heterogeneity in EBR-II core loadings
and accurately predict the coolant flow distribution in the reactor, the
EBRFLOW program (see ANL-7705, p. 92) has been developed. This pro-
gram, which uses the hydraulic characteristics of each reactor subassembly,
has been used successfully to predict the flow rate through an instrumented
subassembly (XX02) for several different core loadings. Heat-generation
rates in the various subassemblies are obtained from neutronics and gamma-
deposition calculations made with the DOT transport-theory code.*

Steady-state, three-dimensional temperature distributions
in a few 30° segments of the reactor between Rows 5 and 12 were obtained
with the SECTOR code (see ANL-7825), which was specifically developed
for analysis of thermally interconnected subassemblies. The resulting dif-
ferences in temperature between opposite faces of the hexagonal cans were
input to the BOW-V program** for calculating the restrained thermal deflec-
tions of the subassemblies and the consequent feedback reactivity.

There is now no direct means to measure the subassembly
deflections or the thermal-bowing component of the feedback reactivity.
The only experimental information on bowing reactivity is that deduced
from the measurement of the total power-reactivity decrement (PRD) of the
core. Analytical models,f must be used to calculate the reactivity effects
due to causes other than thermal bowing, and these effects are then sub-
tracted from the measured total PRD to obtain the thermal-bowing component

*F. R. Mynatt, DOT, A Two-dimensional Discrete-ordinates Transport Code, K-1694, Radiation Shielding
Information Center, ORNL. See also ANL-7513, p. 50.
**¥D. A. Kucera and D. Mohr, BOW-V, A CDC-3600 Program to Calculate the Equilibrium Configurations of a
Thermally Bowed Reactor Core, ANL/EBR-014 (Jan 1970).
e Long, Analysis of the Static Power Coefficient of EBR-II with Reduced Coolant Flow, Nucl. Appl. 6(2),
116 (Feb 1969); J. K. Long, The Effect of a Metallurgical Phase Change in Fuel on the Power Coefficient
of EBR-II, Nucl. Technol. 10(1), 17 (Jan 1971).
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ares the bowing reactivity component calculated
for Run 46A by using the physics, thermal-hydraulic, and bowing analyses
mentioned earlier, with its value deduced from PRD measuremen.ts.. The
probable errors in the measured PRD and in the calc.ulated .react1v1ty com-
ponents (other than that due to bowing) are indicated in the figure. A statis-
tical combination of these errors result in the error band shown on the

deduced bowing reactivity component.
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of feedback. Figure 1.9 comp

PROBABLE RANGE OF CALCULATED TOTAL
FEEDBACK, OTHER THAN THAT DUE TO THERMAL BOWING
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Fig. I.9. Calculated and Measured Reactivity Feedback for Run 46A

Results show that the analytical prediction of the positive
reactivity effects due to thermal bowing is slightly higher than the range
indicated by PRD data. However, the predicted rate of change of bowing
reactivity with power compares well with that of the deduced component.

2. Operation with Failed Fuel (02-148)

a. Studies of Transient Fuel Performance (Last reported:
ANL-7705, p. 110)

(1) Adaptation of a Linear Variable Differential Trans-
former (LVDT) for Fuel-expansion Measurements in TREAT (R. M. Fryer
and J. R. Karvinen). The effects of fuel-cladding contact on the overall
expansion characteristics of driver-fuel elements are only partially




understood. To assess the importance of these effects, attempts are being
made to measure the axial motion of the fuel column when driver-fuel ele-
ments are subjected to transient power conditions in TREAT. The technique,
as originally implemented, used an eddy-current proximeter probe as the
motion-sensing device. Actuating the probe was a steel rod that rested on
top of the fuel column of the test specimen (see ANL-7705, p. 110).

To test the operation of the device under transient conditions,
a transient test was conducted in which the fuel pin was replaced by a solid
stainless steel rod. The results indicated no discernible change in thetrans-
ducer signal before, during, or after the transient. From this information,
effects of the transient on the test section, transducer, and electrical leads
were concluded to be negligible.

In the next test, an unirradiated Mark-IA element was used
as a test specimen. Three separate transients were carried out; the trans-
ducer indicated fuel motion in all of them. An analysis of the data showed
that the motion was higher by a factor of about three than could be explained
on the basis of the power-generation schedule and accepted values of the
linear-expansion coefficient. Because no explanation was found, the test
will be repeated, with a linear variable differential transformer (LVDT) used
as the motion-sensing device.

LVDT's were originally considered, but they were rejected
on the basis that the eddy-current proximeter indicated better performance
at the high temperatures (600-700°F) expected in the test loop. Since then,
actual temperature measurements have shown that transducer temperatures
never exceed 400°F under test conditions. Because conventional LVDT's
can operate satisfactorily up to 500°F, their use in future tests appears
promising. The LVDT's also have a greater measurement span and are less
temperature-sensitive than the magnetic devices used in the earlier tests.

A supply of LVDT's and the exciter-demodulator unit needed
for their use have been purchased. Preliminary tests carried out with the
devices indicate that they are promising. A furnace suitable for temperature-
calibration studies has been fabricated, and the mechanical changes needed
to mate the LVDT with the Mark-I loop section have been made. The equip-
ment is being bench-tested. When these tests are completed, another tran-
sient test, again with an unirradiated driver-fuel element, will be made in
TREAT.

b. Failure Diagnostics and Procedures (Last reported: ANL-7833,
p. 1.19)

(1) Thermal Analysis of the Use of the Failed-fuel Transfer
System for Identifying Leaking Fuel Elements (R. A. Cushman). Use of the
Failed-fuel Transfer System (FFTS)* to detect failed fuel elements in an

*C, J. Divona and E. Hutter, Preliminary System Design Description of the EBR-II Failed—fuel Transfer
System, ANL/EBR-024 (July 1970).
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experimental subassembly has been proposed. The princiPle of the. pro-
cedure is based on the following: When a subassembly is in the raised
position during fuel handling (storage position II), transfer of decay heat.to
the environment is impeded. The resulting temperature increas.e. could in-
crease the plenum-gas pressure enough to cause release of additional gas.
If this release should happen, analysis of the gas in the reservoir above the
FETS could lead to a positive identification of a suspect element. To estab-
lish guidelines for operating the facility in detecting leaks, heat-transfer
calculations were carried out to evaluate temperatures when subassemblies

are in the raised position.

Because of the variety of experimental subassemblies for
which the procedure could be used, a hypothetical subassembly that would
give results applicable to all types was chosen. For a given thermal con-
ductivity of a heat-generating material operating at a given linear heat rate,
the temperature drop across the radius is independent of the radius; there-
fore the entire volume of the hexagonal can over the 14.2-in. core length
was assumed to contain power-generating material. The thermal conduc-
tivity of this material was based on its being 50 vol % sodium, 10 vol %
stainless steel, and 40 vol % (U-Pu)O,; a conductivity of 20 Btu/hr-ft—°F was
used. The volume 3 in. above and below the fuel portion was assumed to
have a conductivity of 25 Btu/hr-ft—°F, and an additional 3 in. below the fuel
was assumed to be sodium. The top and bottom of this 23.2-in.-high volume
(3+14.2+3+3) were assumed to be surfaces with zero heat transfer.

The experimental subassembly (a hexagonal can, converted
to a 2.406-in.-dia cylinder) was centered in the dipper of the FFTS, a 4-in.
schedule-10 stainless steel pipe, and the dipper was centered in the raised
position in the X-nozzle sleeve. With the dipper in this position, only the
lower 51 in. of the core region of a subassembly is below the sodium-
argon interface in the primary tank. For conservatism, only the bottom
5 in. was assumed to be below the sodium level. Figure I.10 shows the
model used in the THTB calculations. Film coefficients, based on natural-
convection heat transfer (plus radiation in the argon cover gas) of 180 and

15 Btu/hr-ft2-°F respectively, were used for the outside of the nozzle in
the sodium and argon regions.

The argon in the space between the nozzle sleeve and the
dipper insulates the upper portion of the dipper, and very little heat is
transferred into the argon cover gas. Instead, most of the heat generated
in the upper 9.2 in. of the fuel is transferred by conduction downward through
the fue?l region and the sodium within the dipper, and then radially out to
the prn.'nary-tank sodium. The temperature distribution in the fuel region is
s.hown in Fig. I.11, where the parameter used was the linear heat rate. The
figure shows the range of values for the cover-gas region. A uniform linear
heat rate was used rather than one with a chopped-cosine distribution, but
the results are valid in either case. Because the fuel length used was
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Fig. 1.10. Model for THTB Calculations.
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14.2 in., the heat rates of 1.5, 1.25, 1.00, and 0.75 kW/ft correspond to
1.78, 1.48, 1.18, and 0.89 kW per subassembly, and these power productions
are valid, regardless of the type of subassembly being considered.

(2) Increases in Cover-gas Activity: Runs 49E-50F
(R. M. Fryer, E. R. Ebersole, and R. R. Smith). Efforts to identify the
origins of the increases in cover-gas activity have been described in
ANL-7833 (p. 1.19) and ANL-7845 (p. 1.1). Monitoring of the activity, and
the increases in activity for Runs 49A-49D, are covered in ANL-7833. The
results for Runs 49C-49E are shown in Fig. I.12, which indicates the high
activity for Runs 49C, . 49D, and 49E. Figure I.13 shows no indication of an
increase in 3Xe activity during Run 49F.

The behavior of '**Xe in the cover gas during Run 49F,
however, indicated at least one "aged" leak source in the primary tank
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(see Fig. I.13). After the release of 133¥e in Run 49E (June 15), the 13837
decayed normally until reactor startup for Run 49F on June 20-21. During
June 21-23, the **Xe remained essentially unchanged at a concentration of
05" uCi/ml in the cover gas, a level approximately four times the nor-
mal tramp saturation background. On June 24, a fuel transfer, with the
associated changes in storage-basket elevation, apparently started a gas-
bubble release that contained only the long-lived 133Xe. The release was
correctly interpreted to be evidence that the leaker was in the basket for
Run 49F.

Run 50 was planned for the sole purpose of locating the sub-
assembly with the cladding penetration. The data on xenon activity for
Runs 50A-50E are shown in Fig. I.14, which shows the increases for
Runs 50B and 50E.
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(3) GLASS (Ge-Li Argon-scanning System) (G. S. Brunson and
P. B. Henault). Improvements in the GLASS installation (see ANL-7825,
p. 1.61) have been made and some new results are available. Lead shielding
was installed around the detector, and the isolation-purge system for the
gas-sample chamber was placed in operation.

GLASS detected the increase in cover-gas activity onMay 31,
at least 1% min sooner than any other system for fission-product monitoring.
This difference was to be expected, because the fission-gas sample stream
is surveyed by GLASS before the stream passes through the delay line. How-
ever, the results from this activity increase showed a problem of saturation.
After consideration of various alternatives, it was decided to increase the
dynamic range of the instrument by controlling mechanically the geometric
efficiency of the system. A sample chamber incorporating metal bellows
has been designed, built, and installed. It will reduce the sensitivity of the
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system by a factor of about 100 by decreasing the sample volume at the
same time that it increases the average sample-to-detector distance. This
reduction of sensitivity is to be triggered by a count-rate circuit, which
detects the approaching saturation condition.

The power supply in the GLASS multichannel analyzer failed,
and the unit was returned to the factory for repairs. A substitute analyzer
provided data of lower quality during the hunt for the leaking subassembly,
June 18 to July 9. The repaired analyzer was installed late on July 9, and
data were obtained on two "clean" runs of the search before the leaks re-
appeared during Run 50E on July 14.

GLASS data obtained on Runs 50D and 50E are presented in
Fig. I.15. In addition to data on the isotopes already being monitored with
the RCGM (Reactor Cover Gas Monitor) and analyzed in grab samples
(asmKr, 133Xe, and 135Xe), data are also shown for three shorter-lived iso-
topes (87Kr, 88Kr, and l”Xe), which have not been monitored before. The
value of these additional data can be seen from the information they provide
on the details of the increase in activity. After the initial indication of an
increase in Run 50E, there is evidence of three subsequent, and much
smaller, increases (indicated by the arrows). This evidence is rather clear in
the curves for *®Xe and ®Kr and is indicated by the data on the longer-lived
isotopes. The data on ®*™Kr and ®Kr indicate another point. Bridging the
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gap in the data (0359 to 2254, July 13) with straight lines yields slopes
shallower than their respective half-lives require, suggesting that a very

small increase in activity may have occurred during or after the shutdown

following Run 50D.

After the leaking subassembly was removed, sustained re-
actor operation permitted analysis of a near-equilibrium gamma spectrum,
which is shown in Fig. 1.16; all isotopes can be considered saturated except
for **Xe, which is about 70% of saturation. Several observations can be

made concerning this spectrum:

(a) When GLASS was originally conceived, it was thought
that daughters of the radioactive noble gases might "fall out" and deposit a
significant background source on the walls of the chamber. This effect has
been trivial, and only a very small indication of 138Cs can be seen at 463 and

546 keV.

(b) Xenon-135 is by far the most abundant activity, and it
is readily counted with the on-line digital subtract unit (ODSU) described in
ANL-7737, p. 94. However, increasing the sensitivity to the point that the
other useful isotopes can be easily counted requires too much of the system's
dynamic range. To remedy this difficulty, a second type of ODSU was de-
signed and built (see ANL-7825, p. 1.61). This latter device is expected to
be more useful, at least for the less-intense activities.

(c) The peak for **™Xe at 527 keV (15.6 m) is another in-
dication of the useful information expected from GLASS. If bond sodium is
released, this peak, because of its short half-life, can provide information
on the quantity of sodium released hours before such information is avail-
able from '**Xe or from analysis of the sodium for the isotopes of iodine.
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Fig. 1.16. Spectrum of Gamma-pulse Height of Tramp Activity as
Recorded by GLASS. ANL Neg. No. 103-P5659 Rev. 1.



3. Characterization of Irradiation Environment (02-151; last reported:

AN = 18835 vp:11.27)

a. Radial Reaction-rate Traverses for ZPR-3 Assembly 63B.

D. G. Stenstrom and D. Meneghetti

Two-dimensional, XY-geometry, S, transport neutronic analyses
with the DOT code were used to calculate the reaction-rate traverses for
235Uf. #8y¢, and "B in ZPR-3 Assembly 63B. The 29-group cross-section
set was used in the calculations, and axial bucklings of 0.00235 and 0.00085
were used for the core and the reflector/bla.nket regions, respectively.

Figures 1.17, 1.18, and 1.19 compare the calculated radial trav-
erses through the P row of the assembly for Z35Uf, 233Uf, and loch respec-
tively, with corresponding experimental values reported by the ZPR-3

experimental group in ANL-7776 (p. 12).

The individual drawers in the

core region through which the detector traverses were made are shown in

the figures.
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b. Calculated Energy Spectra in ZPR-3 Assembly 63B.
K. E. Phillips, D. Meneghetti, and D. G. Stenstrom

Proton-recoil neutron-spectrum measurements were made at
the center of the central zone, which simulates a 37-pin oxide element, of

ZPR-3 Assembly 63B. The experiments* are compared with the 1/120-
lethargy-width flux spectrum obtained
from an MC? calculation of the simulated

10

08— 37-pin-oxide region. Figure 1.20 com-
& B Y pares the experimental results with the

06 : .
E — CALCULATED calculated ultrafine spectrum and with
g the ultrafine spectrum modified by a
£ 02 15%-resolution Gaussian energy window.
z
=

0
50 c. Fission-rate Measurements
X :l in ZPR-3 Assembly 63.
308 {
o —— CALCULATED ,,“.’ IR Dudeyi R 3 Popek,
4 06 [~ ___ EXPERIMENTAL and R. R. Heinrich
[ /
Sldal= “
4

Fission rates have been meas-

i ured in Assembly 63 of the ZPR-3 mock-
mice o s 0l s S up s, | Ehel referencecoreso RS Embly b3%

NEUTRON LETHARGY was described in ANL-7765, p. 18. Fifteen
2 x 2-in. foil packets, each containing
3- to 6-mil ?3°U foils and 6- to 9-mil
2384 foils, were irradiated in positions
perpendicular to the ZPR-3 plates at
13 preselected locations within the core and two locations adjacent to the
core but in the stainless steel reflector. After irradiation, the 2-in. foils
were cut into 1-in.-square quadrants to provide spatial resolution within
each drawer. Sample counting, data processing, and fission-rate determin-
ations were identical with those reported for Assemblies 60-62. (See, for
example, ANL-7753, p. 92.)

Fig. 1.20. Neutron-energy Spectra at Center
of ZPR-3 Assembly 63B

Table I.1 shows the measured absolute fission rates, the matrix
location within the assembly, and the relative uncertainty in each measure-
ment. All errors are included, except for uncertainties associated with
absolute fission yields; these are thought to be 5-10%. The sample number
at each location refers to the quadrant cut from the 2-in. foils; Sample 1

represents the upper left quadrant, 2 the upper right quadrant, 3 the lower
left quadrant, and 4 the lower right quadrant.

The fission-rate data are also plotted in Figs. I.21 and I.22 to
emI.)h.asize the effects of position and composition of the respective matrix
positions. The figures show types of EBR-II subassemblies that the respec-
tive drawers were designed to simulate. Figures I.21 and 1.22 correspond to

*G. G. Simons, ANL internal memorandum (May 25, 1971).



TABLE I.l. Absolute Fission Rates (in 10_15 fissions/atom~sec) for
5U and 238U samples Irradiated in ZPR-3 Assembly 63

235 238 235 238
Matrix U U Matr i U U
Position Sample Rate Error, % Rate Error, % Position Sample Rate Error, % Rate Error, %
P-16 1 39.9 2.1 2.84 2:5 0-15 1 37.2 el 2.20 2:3
2 40.2 R:d 2.84 2.4 2 36.7 253 2.29 2.8
8 39.6 2.2 2.77 2.4 8 37:2 2.1 2:.23 2.6
4 39.9 2.1 2.85 2.4 4 38.4 252 2:13 2.4
P-15 1 38.6 22 2.57 2.4 Q-11 11 26.9 2.2 1:15 2.4
2 39.8 2.1 iLn 2.4 2 26.6 2.2 1.38 2:3
3 38.2 2.2 2.59 2.6 3 26.5 2Lr 1.16 2.5
4 39.4 2.2 2:72 2.5 4 26.4 24 1.38 2.3
P-14 i 36.1 2 2.34 2.6 P-11 1 26.8 2.4 1.21 204
2 37.4 22 2.52 2-3 2 26.8 2.3 1.43 2.4
- 36.1 2.2 2.32 2.4 3 26.7 2.1 1512 2:3
4 37.3 2:1 2.44 2.3 4 26.5 2P 1.40 2:3
P-13 d 32.3 2:2 1.68 2.6 0-11 1 25.7 28 1.37 2.4
2 34.5 2.2 1.86 27 2 27.0 241 1.51 2.3
3 32.5 2.3 1.64 2.6 3 26.1 2.1 1.32 2.1
4 34.5 2.1 1.87 2:7 4 27.0 2.1 3552 2.6
M-15 1 33.6 2.1 2.30 @ 2.8 P-10 1 29.6 R 0.480 2.7
2 34.7 2,2 2.41 2.6 2 28.8 2.4 0.715 3.0
3 35.3 2.3 2.46 2.4 a 30.1 22 0.466 257
4 35.7 2.2 2.58 23 4 28.6 2.2 0.682 2.9
L-15 1 30.0 2.3 1.74 2.8 K-15 3 28.9 2.1 1%13 gl
2 30.2 Dok 1.79 2.8 2 27.5 2.4 1.35 2.8
<) 52.2 2.2 1.96 2.5 3 28.5 2.3 1.44 2.7
4 32.0 2.2 2.02 2.5 4 28.4 2.3 1.58 2:3
N-12 1 27.3 2.3 =56 2.4 J-15 1 31.0 2:2 0.452 3.0
2 28.3 2.2 1.69 2.4 2 30.4 2.2 0.515 355
3 27.9 2.2 1.59 2.5 3 30.0 2.3 0.666 2.8
4 29.4 2.2 1.80 255 4 28.9 2.2 0.733 2.9
P-12 1 28.9 2.1 1.67 2.4
2 30.8 2l 1.77 2.4
3 28.9 2.3 1.64 2.5
4 30.3 2.1 1.73 2.3

G2'1
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ABSOLUTE REACTION RATE, 10" fissions/atom-sec

ABSOLUTE REACTION RATE, 10"" fissions/atom-sec
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horizontal traverses along Row P for #*°U and #8U, respectively. Two values
at each measurement point are shown: The solid lines represent samples
above the horizontal centerline of the reactor (top half of Row P), and the
dashed lines represent samples below the center horizontal line. Differ-
ences between the two lines reflect experimental precision or spectral
asymmetries about the reactor centerline, or both. In no location do the
measurements from the top and bottom half of the Row P traverses differ

by more than 2%. These results may be compared with #*°U and 287 fission-
counter traverses also measured in Row P of Assembly 63 (see ANL-7765,
p. 15). The spatial variations in reaction rates determined in the two ex-
periments are in satisfactory agreement; the spectral-depression effects
from the structural subassembly (P-13) are demonstrated in both measure-
ments by 238 fission rates.

d. EBR-II Dosimetry Study. A. A. Madson

The first two of a series of three irradiations in EBR-II of
subassemblies containing dosimetry-foil materials have been concluded.
The first irradiation (Run 50G) was conducted at 50 kWt for 1 hr. The sec-
ond irradiation (Run 50H) was conducted at 62.5 MWt for 81 days. The
dosimetry subassemblies have been removed from the reactor and disas-
sembled to retrieve the foil materials. The foils have been shipped to vari-
ous laboratories, where counting and analysis are in progress.

e. Comparison of Calculated and Measured 257 and #*U Activations
in EBR-II Run 29D. B. R. Sehgal, F. S. Kirn, and R. H. Rempert

Spatial distributions of #3577 and 2*®U fissions were measured in
EBR-II Run 29D at selected axial and radfal positions in the core, the radial
depleted-uranium blanket, and the axial stainless steel reflectors. The 2*°U
detectors were in the form of 1/16—in.-dia uranium-aluminum wires (with
15% of 93% enriched uranium), and the depleted-uranium detectors were
1/32-in.—dia wires. Relative fission rates after irradiation at 50 kW* for
1 hr were determined by counting the wires with Nal crystal counters; the
gross gamma count between 0.5 and 1.0 MeV was used. Absolute fissions
were determined for some samples by making absolute determinations of
9"Mo, the values for fission yields of 6.1 and 6.3%, respectively, being used
for *°U and %*®U fission.

The usual detailed representation of geometry and composition
of the reactor was used in 2-D calculations with the DOT** transport code
in the S; approximation. In the XY geometry the individual subassemblies
of different compositions were represented explicitly and the axial leakage

*H. C. Honeck, ENDF/B, Specifications for an Evaluated Nuclear Data File for Reactor Applications, BNL-50066
(T-467), ENDF102 (July 1967).
**F, R. Mynatt, DOT, A Two-dimensional Discrete-ordinates Transport Code, K-1694, Radiation Shielding Infor-
mation Center, ORNL.
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was approximated with a DB? absorption at a constant B2. In the R-Z geom-
etry, the subassemblies comprising a row were volume-homogenized and
the axial reflectors were represented explicitly.

The 29-group set derived with the MC? code* from the ENDF/B
(Version I) data** was used. The core-region cross sections were calcu-
lated at critical buckling and the others at zero buckling. Detector cross
sections were averaged over the fine spectrum of the different reactor

regions.

The calculated and measured 2*°U radial fission distribution at
the core midplane are compared in Fig. 1.23. There is good agreement
except beyond Row 6 (core edge), where the differences are =6 to 10%.
Figure 1.24 compares the calculated 28y fissions with the measurements
made in three subassemblies in three core positions. The agreement is
good.

Similar differences between calculated and measured fission dis-
tributions were observed in the analysis of the data from the critical assem-
bliest using the same cross-section data and methods of analysis.
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Fig. 1.23. Radial 235U Fission Distribution in EBR-II Run 29D

*B. J. Toppel, A. L. Rago, and D. M. O'Shea, MC2
, , . M. » MC4, A Cod Calcul i i
E e ode to Calculate Multigroup Cross Sections,

**H. C. Honeck, ibid.

TD. M i i ey |
: 5 f.neghem etal., Dep‘leted-u.ramum. Nickel, and Steel-reflected EBR-II Critical Assemblies in ZPR-3-~
Xperiments and Calculations, Trans. Am, Nucl, Soc. 13, 733 (1970) % .
p. 89; and ANL-7765, p, 48, e :
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Fig. 1.24. Radial 238U Fission Distribution in EBR-II Run 29D

The calculated spatial ?°U and *®U fission distributions showed
differences of 3-15% at equivalent subassembly positions and predicted the
measured local variations well.

£ Testing of Burnup Calculation System. P. L. Walker

A set of computer programs is being written to calculate the
burnup history of EBR-II. The REBUS code from the ARC programming
system is being used for the burnup and depletion parts of the calculation.
The DOT transport code will be used for the neutronics calculations, which
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will be done with Sy quadrature. To test some aspects of the two-dimensional
XY -geometry burnup computations, a series of burnup calculations was done.

The simpler diffusion module DIF2D was used for the neutronics solutions,
instead of a transport calculation. This series, which was for Runs 43A,
44A, and 44B, was started by using output data from the previous run (42A)
and proceeded from run to run by using as input only the loading changes.

Some of the results of these runs are given in Table I.2. The
burnup and fluence are tabulated for a subassembly of structural materials
near the center, a driver-fuel subassembly in Row 4, and an experimental
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subassembly containing encapsulated elements in Row 4 opposite the driver-

fuel subassembly. The ratios of burnup and of fluence to MWd have also
been tabulated to show more clearly the effects of variations in flux level
upon burnup in these subassemblies.

TABLE I.2. Comparison of Burnup and Fluence for Runs 43A, 44A, and 44B

Run
43A 44A 44B
Megawatt Days 1350 900 450
Subassembly
X057 (Structural)
Position 2B1
Burnup, at. % 0.00 0.00 0.00
Burnup/Mwd 0.00 0.00 0.00
Total fluence, n/cm? 0.47676 x 1022 0.31606 x 1022  0.15979 x 1022
Total fluence/MWd 0.3532 x 1019 0.3512 x 1019 0.3551 x 1012
Fluence >2.23 MeV, n/em?  0.34195 x 1021  0.21786 x 1021 0.11378 x 10
Fluence >2.23 MeV/MWd 0.2533 x 1018 0.2421 x 1018 0.2528 x 1018
2207 (Driver-fuel)
Position 4C2
Burnup, at. % 0.34855 0.23303 0.11767
Burnup/Mwd 0.2581 x 1074 0.2589 x 1074 0.2615 x 1074
Total fluence, n/cm2 0.44942 x 1022 0,30087 x 1022  0.15278 x 1022
Total fluence/MWd 0.3329 x 1019 0.3343 x 1019 0.3395 x 1019
Fluence >2.23 MeV, n/em?  0.39852 x 1021  0.26763 x 1021  0.13684 x 1021
Fluence >2.23 MeV/MWd 0.2952 x 1018 0.2978 x 1018 0.3041 x 1018
X064 (Experimental)
Position 4F2
Burnup, at. % 0.47856 0.32816 0.16095
Burnup/MWd ; 0.3545 x 10~ 0.3646 x 1074 0.3577 x 1074
Total fluence, n/cm 0.35383 x 1022 0.24304 x 1022  0.11908 x 1022
Total fluence/MWd , 0.2621 x 1019 0.2700 x 1019 0.2646 x 1019
Fluence >2.23 MeV, n/cm 0.31336 x 1021 0.21591 x 1021  0.10619 x 1021
Fluence >2.23 MeV/MWd 0.2321 x 1018 0.2399 x 1018 0.2360 x 1018

g. Comparison of Calculated and Measured Flow Rates in Sub-
assembly XX02. J. L. Gillette




TABLE I.3. Calculated and Measured
Flow Rates in Subassembly XX02

Flow Rate, gpm
Run Calculated Measured % Difference

42 53.0 52.5 1.0

43 Sl 51.5 0.8
44A 51.6 51.0 1.2
44B 50.9 50.5 0.8
45A 51.0 50.0 2.0
45B 50.1 49.2 1.8
46A 49.0 46.5 5.4
46B 48.7 46.5 4.7
47A 49.0 46.6 5.2
478 49.6 46.2 7.4
48A 49.2 46.5 5.8
48B 49.1 46.5 5.6
48C 49.5 46.; 6.5
48D 50.1 46.7 7.3
48E 49.9 46.5 7.3

The discussion in ANL-7825 is correct and is not affected by
these new results.

4. Operation of Digital Data Acquisition System (DAS) (02-530; last
reported: ANL-7833, p. 1.34)

a. Operational Support. M. R. Tuck and K. D. Tucker

Work on the data-acquisition software completed this month
included the following:

(1) A sampling rate of IO/sec has been added to the existing
ones because 2/sec appeared insufficient to keep the error from accumu-
lating in the inverse-kinetics calculation.
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(2) The use of system library routines in the convert-to-
engineering portion of this software has been discontinued because of Fhe
large amount of core used by these routines. Wherever possible, a third-
or fourth-order polynomial has been used to replace these routines.

The Graphics Display Library (GDL) has been received for the
DAS. This library allows the programmer to easily exercise the full cap-
ability of the DAS graphics-display unit. The GDL also enables the user to
display vectors and characters on the cathode-ray tube of the graphics dis-
play unit. Intensity, character size, and blinking functions are all under
program control. In addition, the user can modify the display programs
through the use of the light gun, keyboard, and various hardware-function

switches.

b. Test-data Acquisition and Support

(1) Data Obtained by DAS (W. R. Wallin). The DAS is being
increasingly used to process operating data--e.g., temperatures, pressures,
and flow rates. At present, 146 signals from various sensors are being
recorded with the DAS. Of these signals, 44 are directly processed by the
DAS for use in the Run Report. Mean, maximum, and minimum values for
a given data set are computed each hour, and each value can be displayed
visually on a cathode-ray tube and photographed. Enlargements of the
photographs can then be used for analysis and directly in the Run Report.

An example of the data format is given in Fig. I.25, which shows tempera-
ture data for about two weeks from three subassembly-outlet thermocouples.
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Fig. 1.25. Typical Graphic Display of Operating Plant Data



(2) Maintenance of Data Acquisition System (R. A. Call).

Table 1.4 shows malfunctions of the DAS since system acceptance.
TABLE I.4. Log of Downtime for Sigma-5
Trouble or Time of Time Downtime, System
Symptom Occurrence Repaired hours Description of Malfunction Action Taken Malfunction®
b
RAD  not 10/19/70 10/19/70 0:30 2400-Hz power-supply breaker Reset breaker Yes
recognized 0830 0900 opened
Malfunction 10/28/70 '10/30/70  48:00 Tachometer malfunctioned Replaced tacho- Yes
of RAD No. 1 meter
RAD not 11/2/70 11/2/70 0:10 2400-Hz power-supply breaker Reset breaker Yes
recognized 0800 0810 opened
RAD No. 1 11/11/70 11/11/70 5:00 Tachometer and control-circuit Replaced Yes
failed 0800 1300 power supply malfunctioned defective parts
Malfunction 11/23/70 11/23/70 3:00 Fan bearings malfunctioned Replaced power Yes
of power- 0800 1100 supply
supply fan
RAD not 1/8/71 1/8/71 2:30 2400-Hz power-supply breaker Replaced power Yes
recognized 0800 1030 opened supply
Malfunction 2/12/71 2/12/71 0:30 Blown fuse in clutch circuit Replaced fuse Yes
of line 1530 1600
printer
Malfunction 5/24/71 5/25/71 24:00 +12 clamp circuit malfunctioned Replaced power Yes
of DM40 1000 1000 supply
power supply
Malfunction 7/13/71 7/14/71 27:00 Low-voltage power supply mal- Replaced power No
of graphic 1000 1300 functioned supply

display

aSyst:em cannot acquire and log data or support reactor operationms.

bRap id-access Disk.
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II. LMFBR DESIGN SUPPORT

A. Heat Transfer and Fluid Flow
R. P. Stein (02-097)

Analytical and experimental investigations of liquid-metal heat
transfer and fluid flow in components and systems are conducted to provide
information of immediate interest to the FFTF and LMFBR Programs.
Fundamental studies in heat transfer and fluid flow also are conducted to
improve current, or to devise new, engineering prediction methods essential
to the advancement of reactor technology in general.

1. LMFBR Flow Stability Studies. R. R. Rohde

This activity covers (1) the acquisition and analysis of experimental
data on the vaporization and superheating of sodium in operating ranges
(pressures, flow rates, temperatures, and equivalent diameters) and flow
circuits of interest to the LMFBR Program; and (2) the determination, by
both experiment and analysis, of two-phase flow phenomena related to flow
stability. An LMFBR Simulation Heat Transfer Loop is being constructed
for the experiments.

a. Preparation of Apparatus (Last reported: ANL-7845, p. 2.1)

The status of construction of the LMFBR Simulation Heat Trans-
fer Loop is as follows: Enclosure panels for the loop were lined with sheet
metal as a safeguard against sodium fires. Connection of thermocouples to
the multipen recorders is about 70% complete. Special reducer fittings for
connecting the electromagnetic pumps in the Sodium Purification and Moni-
toring System were fabricated. Tubing and certified material for fabricating
the balance of fittings needed in this system have been obtained. Twelve
amplifiers for the loop instrumentation were received, checked out, and
found to be operating properly.

2. Nonboiling Transient Heat Transfer. R. P. Stein

The objective of this activity is to develop improved engineering
prediction methods to account for nonboiling forced-convection heat transfer
in ducts during transients.

a. Analysis of Heat-flux Transients (Last reported: ANL-7845,
P2

The new prediction methods have been successfully applied to
sample cases in which heat generation within the walls is specified. Pre-
vious attempts, which involve application of finite-difference techniques
for solving a complex set of partial differential equations, had resulted in

2.1
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what appeared to be numerical instabilities. Alternate finite-differencing
schemes have been developed which remove these instabilities.

It is planned to apply the new prediction methods to a
variety of sample cases illustrative of possible LMFBR power excursions.
Analyses related to flow transients will be initiated.

3. Liquid-metal Heat Transfer in Pin Bundles. T. Ginsberg

The objectives of this activity are to: (1) develop and evaluatfe ana-
lytical models for predicting steady-state temperature distributions in
LMFBR fuel assemblies, and (2) develop empirical data and correlations
for use in the analytical models. The latter objective includes development
of a model that describes the interchannel-mixing mechanism in fuel assem-
blies containing helical-wire-wrapped fuel elements.

a. Analytical Investigations (Last reported: ANL-7845, p. 2.2)

The swirl-flow model used in conjunction with the COBRA-II
computer code* specified that where a helical spacer wire completes a
traverse of a subchannel, it transports a fraction of the flow from the
previous subchannel to the one ahead of it. Thus the directional nature of
the fluid-transport mechanism is accounted for in the model.

A modified version of this model, in which only energy is trans-
ported between subchannels, was incorporated into the COBRA code. The
code was altered to accept this modified model, and to accept up to 96 sub-
channels and 37 rods. The EBR-II Fuel Subassembly No. X040A geometry,
flow, and power characteristics were supplied as input to the code.

To display the effect of the directional transport model on the
mixing characteristics of the helical spacer wires, a test case was run at
zero power. The central six subchannels were assigned an inlet sodium
temperature of 1000°F, with the remaining subchannels at 700°F. Eig—
ure II.1 shows the calculated temperature distributions for a central channel
and for one of the remaining channels. The distributions display a periodic
dependence on axial distance, and the characteristic " wavelength" is equal
to the spacer pitch. This behavior has been observed experimentally, **

Temperature distributions were then computed for the X040A sub-
using various combinations of turbulent mixing factor B, thermal-
geometry factor, and fraction of flow diverted in the swirl-flow
The results are shown in Fig. I1.2. Also shown is the result of a

assembly,
conduction
model,

* : Dioi "
D. S. Rowe, COBRA-II: Digital Computer Program for Thermal-hydraulic Subchannel Analysis of Rod-bundle
Nuclear Fuel Elements, BNWL-1229 (1970).

*K . . ;
V. R. Marian and D. P, Hines, Transfer of Coolant between Adjacent Subchannels in Wire-wrap and Grid-
spacer Rod Bundles, Trans, Am, Nucl. Soc. 13(2), 807 (1970).
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HECTIC Code* calculation, performed by others, which uses a turbulent-
mixing model (nondirectional) to account for the swirl flow caused by the :
wire wrap. For the case presented (YEDH = 1.0), a discontinuity occurs 1n
the curve at the subassembly centerline, because the calculations were
performed using two sectors of the assembly independently. The dips in
the Case 2 curve are due to the proximity of a low-power fuel element.

It is difficult to draw firm conclusions from the above results
because temperature measurements were not made on the X040A subassem-
bly. At the present time, however, it can be said that the proposed swirl-
flow model is a viable alternative to the turbulent-mixing model. The
strength of the model lies in the fact that it accounts for the directional
flow characteristics of helical spacer wire systems. Comparison of COBRA
calculations using the swirl-flow model with temperature measurements
from instrumented EBR-II subassemblies is planned.

4. Heat Transfer in Liquid-metal-heated Steam Generators. D. M. France
(Last reported: ANL-7845, p. 2.2)

All the recommendations evolved from the loop-design review meet-
ing of June 28, 1971 were studied, and most of the suggestions were complied
with during the reporting period. The loop is being readied for experiments
on a concentric, double-pipe, mercury-boiling Freon heat-exchanger test
section at conditions approximating LMFBR sodium-water steam generators.

An analytical model for predicting heat-transfer performance of the
loop was revised to include resistance to heat transfer in the nucleate
boiling regime. This model was programmed for the Hewlett-Packard
2100 computer, and the code was successfully executed.

B. Engineering Mechanics
G. S. Rosenberg (02-099)

Stress-analysis methods based on various continuum theories are
developed to resolve reactor design problems that are not amenable to con-
ventional engineering approximations or direct numerical computations
employing general-purpose computer programs. Studies of structure-
fluid interaction dynamics also are conducted to develop new methods of
analysis and testing that can be used by designers to minimize the potential
of detrimental flow-induced vibration of reactor components.

1. Structure-fluid Dynamics. M. W. Wambsganss

a. Parallel Flow-induced Vibration. S. S. Chen and

M. W. Wambsganss (Last reported: ANL-7845, p. 2.3)

e .A.series of experiments designed to validate a mathematical
odel describing the “a@ded mass" effect associated with vibration of a

*N. Kat
: la ‘chee and W.'C..Reynolds, HECTIC-II, An IBM-7090 FORTRAN Computer Program for Heat-transfer
nalysis of Gas or Liquid Cooled Reactor Passages, IDO-28595 (1965).




cylindrical rod in a fluid annulus were reported in ANL-7825, p. 2.7, under
the heading "Damping and Virtual Mass." In these experiments, the change
in virtual mass was sensed by measuring resonant frequency of the test
element for various annular gaps and specified test-element displacements.
This approach assumes that any changes in resonant frequency caused by
changes in damping are negligible in comparison with the change caused by
virtual mass.

For each value of maintained, rms-displacement of the test ele-
ment, measurements of period are made at each annular gap. By traversing
two cycles of increasing and decreasing annular gaps over the range from
0.125 to 1.0 in., four independent measurements are obtained. Measure-
ments at a given gap are compared to assess reliability and, if reliability
is shown, then averaged. The rms value of the current supplied to the
exciter coils to maintain the vibration is also measured; this result allows
computation of a measure of the change in effective damping with annular
gap.

The natural frequency of a cantilever vibrating in a fluid can be
expressed as

g i) Lyt A o (1)
I P 2 m+M’

where / is the length, EI is the flexural rigidity, m is the effective mass
per unit length of the cantilever, and M is the "added mass" of fluid per
unit length. The "added mass" can be expressed in terms of a correction
factor Cypp as

where pf is the fluid density, and A is the cross-sectional area of the
cantilever.

If f, is denoted the natural frequency of the cantilever in air
(M ~0), Egs. 1 and 2 can be combined to obtain

SN OR i

For a 0.5-in,-dia, 28.1-in.-long, aluminum test element, theoretical con-
siderations give

Cpg = 3.31[(%)2 - 1]. (4)

Having experimental measurements of f; and fn for various annular gaps,
we can plot Cyps versus flow-channel- to test-element-diameter ratio (D/d).

2.5
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In Eig I 35sthe solid curve is the
theoretically derived relationship for the
correction factor obtained by neglecting
viscous effects. The averaged experi-

:g:ﬁg:}'nem mental data plotted were obtained using

the relationship

Cng = 3.25{(%)2 - 1] (5)

to compute the correction factor. The
value of 3.25 for the coefficient was
Fig. I1.3. Correction Factor (Cyy) as a Function obtained by forcing the data to fit at
of Flow-channel- to Test-element- D/d = 5; this value compares favorably
diameter Ratio (D/d) with the theoretical value of 3.31. Both
theory and experiment agree well over
the range tested; this tends to verify the mathematical model for "added
mass" proposed in ANL-7825. However, further theoretical and experi-
mental studies, including the effect of viscosity, are planned.

2. Components Impulse Response. C. K. Youngdahl

NOTE: This activity was initiated on July 1, 1971; it is a continu-
ation of selected aspects of work performed for the Core Structural
Safety Program, which terminated on that date.

a. Dynamic Plasticity Analysis of Hexagonal Shells. C. K. Youngdahl
(Last reported: ANL-7798, p. 116)

For the initial study of hexagonal-subassembly-can deformations,
the can was assumed to be made of a rigid, perfectly plastic material, and
uniformly loaded internally. The deformations of interest are of the order
of the thickness of the can wall or larger; thus the problem is nonlinear, not
only because of the plastic deformation, but also because of nonlinear geo-
metric effects. It was observed that nonlinear geometric effects result in
redistribution of the loading between bending and membrane reactions of
the shell and changes in the deformation modes. Accordingly, a model was
developed to include the most important nonlinear effects; the corresponding
differential equations were derived and programmed for the CDC-3600 com-
puter. This program, DYPLHX, is now operational, and parameter studies
are being performed to determine the effects of pulse shape, intensity, and

dura.tion on subassembly deformation. Some preliminary results of these
studies are described below.

. .Consider a hexagonal shell made of a rigid, perfectly plastic
n}atenal with yield stress o, and density p, and loaded internally by a
time-dependent pressure P(t). The width and wall thickness of a side of



the hexagon are L and H, respectively, and the outward plastic deformation
at the center of a side is U,. (See Fig. III.A.1, ANL-7753, p. 146.)

Define dimensionless pressure p, time 7, geometric parameter a,

and deformation u, by

o R e S

B RS e Wl =
where

= _oyH %, —Lf

0 T L:an n= = Oy.

For an FFTF subassembly can, a =

and t, =
to = 0.25 msec.

: (1)

(2)

0.056. Its yield stress depends on
temperature and irradiation history; for o

= 30,000 psi, P, = 1700 psi,

0.4 msec, and for oy = 75,000 psi, P, = 4200 psi, and

The first parameter study performed, using DYPLHX to calcu-
late dynamic plastic deformations of hexagonal subassembly cans, was for
idealized rectangular pressure pulses of intensity P, and duration t,
(corresponding to dimensionless quantities py, and 7). Typical final

plastic-deformation results are shown in Fig. II.4 for o =

10 O B | e o sl T
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Fig. II.4. Typical Final Deformation (up) of Hexagonal
Subassembly Can as a Functionof Pulse Dur-
ation (71) for Two Rectangular-pulse Inten-

.056

0.056. For large
values of 7;, the deformation stops
while the pressure is still being
applied; i.e., the can has deformed
sufficiently to contain the applied
pressure statically. However, the
amount of plastic deformation ex-
ceeds that which would be obtained
by slowly pressurizing the can.

For small values of pulse
duration 7), the curves are straight
lines with slope 2 on the log-log
plot; this implies that u, is propor-
tional to Tf. For a rectangular
pulse, the impulse I and its dimen-
sionless counterpart i are given by

(3)

L= Pmtl' is= pm’rl.

Then for a given @ and small Ty,

= e ), (4)

Figure II.5 shows uo/iZ as a function

of py, for a = 0.056. For large pp,,
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the curve flattens out, so that the plastic deformation at the center of the
side of the can becomes approximately proportional to the square of the

applied impulse.

The program DYPLHX also
calculates the stretching of the sides
of the can and the motion of the corners.
If u, is small, the corners remain es-
sentially stationary; but if u, is large,
the corners move in as the cross sec-
tion of the hexagon becomes more
rounded. Significant stretching of the
sides occurs for large u,.

R e e e

40—

For other structural configura-
tions it was reported* that a rectangular
Fig. IL5. Hexagonal-can Deformation (ug) Divided ~ Pulse produces more plastic deforma-

by the Square of the Impulse (i as a tion than other pulse shapes having the

Function of Pressure (pp) for Rectangu-  same impulse and peak value. The

lar Pulses of Short Duration same is expected to be true here.

Therefore, parameter studies for other,
more physically realistic, pulse shapes will be performed. Equivalent-load
parameters to correlate the deformations produced by differing pulse shapes,
such as were found for other structural configurations, will be investigated
for the hexagonal shell. It is significant that the results shown in Figs. II.4
and II.5 were obtained for idealized rectangular pulses; physically realistic
pulses which do the same damage would have higher peak values and be of
considerably longer durations.

til,\lll(‘_,gz;n(%farhi,g”srgé i).r:anﬁc Plastic. Response of a Tube to an Impulsive Ring Load of Arbitrary Pulse Shape,
ol ANL-"?GW ); ibid., Load-eiq!.uvalence Parameters for Dynamic Loading of Structures in the Plastic
—5—' . (May 1970); and ibid., Correlating the Dynamic Plastic Deformation of a Circular
Cylindrical Shell Loaded by an Axially Varying Pressure, ANL-7738 (Oct 1970).
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III, INSTRUMENTATION AND CONTROL

A. Instrumentation Development for Instrumented Subassembly
T. P. Mulcahey (02-024)

Instruments for in-core measurement of flow, fuel and coolant tem-
peratures, and fuel-pin pressure are being developed consistent with re-
quirements defined by the EBR-II Instrumented Subassembly test program.
Development encompasses instrument design, performance analysis, fab-
rication, and tests leading to specifications and quality-assurance proce-
dures for procurement from commercial vendors.

1. Fuel-pin and Coolant Thermocouples. A. E. Knox (Last reported:
ANL-7845, p. 3.1)

Fuel centerline thermocouples (FCTC) in capsules No. 2 and 7,
which were irradiated in EBR-II Test ISA XX01, were removed from their
fuel elements and examined visually and electrically with the following
results:

FCTC 2: The ceramic insulator of the upper hermetic seal was in-
tact. However, the Kovar feedthroughs of both the upper and lower hermetic
seals were broken, probably during disassembly, indicating that the Kovar
had become brittle. The ceramic insulator of the lower hermetic seal was
cracked, and a metallic deposit on the ceramic bridged the two Kovar feed-
throughs. The Nioro and copper brazes were slightly degraded. The tan-
talum sheath was badly cracked in the lower-temperature region (at the top
of the fuel). Some grain growth was obseryed in the high-temperature re-
gions, but there was no evidence of gross tantalum-UO, reaction. This
thermocouple showed no clear evidence of electrical shorting during reactor
operation at 50 MW; however, the output was erratic toward the end of the
irradiation period. During operation at this power level, FCTC 2 indicated
temperatures from 1220 to 1340°C. Electrical measurements made at the
time of disassembly indicated that the thermocouple was not functional.

FCTC 7: The ceramic insulator of the upper hermetic seal was
cracked, and the two Nioro seal brazes on the Kovar feedthroughs had fused
together. The ceramic insulator of the lower hermetic seal was intact, but
the Nioro seal brazes were degraded. The tantalum sheath was in good con-
dition; there was some grain growth in the high-temperature regions, but no
evidence of cracks or gross tantalum-UO, reaction. This thermocouple also
showed no evidence of shorting during operation at reactor power; indicated
temperatures ranged from 1170 to 1270°C. After removal of the upper her-
metic seal, loop and insulation measurements indicated that the thermocouple
was still functional.
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B, FFTF Instrumentation Development. R. A. Jaross (02-025)

Prototypes of permanent-magnet, eddy-current, and magnetometer
probe-type flowsensors are being designed, fabricated, and flowtested to
establish detailed specifications and design for the FFTF permanent-
magnet probe-type flowsensor, and to provide technical guidance to ensure
competence in commercial fabrication of probe-type flowsensors. Sup-

porting tests are conducted to determine long-term thermal effects on

permanent-magnet materials of interest, and to study the effects of simu-

lated fission-gas release on flowsensor response.

1. Permanent-magnet Probe-type Flowsensors. F. Verber (Last reported:
ANL-7833, p. 3.1)

Table III.]1 summarizes the average percentage changes that have
occurred inthemagnetic field strength of Alnico V and VIII magnet samples

TABLE III. 1. Thermal Stability of Alnico V and VIII Magnets
after 6000 hr at 700-1200°F

Alnico V Alnico VIII
Temp, L/D Ava G oy Temp, L/D Avg. Chg.,
F Ratio % GE Ratio %
700 1 =358 900 1 + 9.0
2 = 0.6 2 + 8.3
4 + 2.7 4 + 7.6
800 1 + 0.3 1000 1 +26.3
2 L3 2 167
4 + 2.8 4 +15.4
900 il + 3.8 1100 1 + 4.2
2 + 2.4 2 + 2.2
4 2P, e 4 - 1.4
1000 I +13.3 1200 1 ~72.4
2 + 7.3 2 =662
4 + 8.5 4 =52.8
1100 1 -38.3
2 -24.3
4 =16.8




after 6000 hr. These samples are undergoing fundamental thermal-stability
tests in an individually heated, multisection, high-temperature oven. The
measurements are made at room temperature, and the values listed rep-

resent the average of five samples for the specific temperature and
L/D ratio.

A comparison with previous data (see Table III.1, ANL-7833, p. 3.2)
shows there is no leveling off of the trends established earlier. Analysis
of the reference magnet data indicates that the drift in the instrumentation
has been less than 0.5%, and random errors for individual samples are no
more than 1%.

2. Magnetometer Probe-type Flowsensors. D. E, Wiegand (Last reported:
ANL-7845, p. 3.2)

A third magnetometer flowsensor (MFS-3) was fabricated and is cur-
rently being tested in the thimble of the Annular Linear Induction Pump
(ALIP) test loop, which has a maximum operating temperature of 1000°F.
This flowsensor contains Alnico VIII H magnets, a fluxgate with ceramic-
insulated gold wire coils and a strip core of Hiperco 27, and has the dimen-
sions and configuration of an electromagnet-excited sensor for tests at
higher temperatures.

In earlier tests on Magnetometer Flowsensor No. 2 (MFS-2) in the
ALIP loop (see ANL-7776, p. 17), a high ambient field in the region of the
flowsensor was suspected. This was confirmed by observing the changes
in field reading as MFS-3 was inserted into the thimble. For example, with
the sensor inserted to the end of the thimble, readings of +5.88 and +6.29 G
were obtained with the sodium flow on and off, respectively. With the sensor
withdrawn 1 in., the corresponding readings were -2.57 and -2.13 G; at 2 in.,
the readings were -6.82 and -6.39 G.

An attempt was made to compensate for the ambient field in a region
of low gradient by adjusting the flowsensor off balance. However, attempts to
obtain a null in the net field by adjusting the position of the sensor in the
thimble were unsuccessful because of the extreme sensitivity of the adjust-
ment (particularly, with gloved hands).

The ambient fields and gradients are attributed to a permanent-
magnet electromagnetic flowmeter located on an adjacent run of pipe within
a few inches of the test thimble. Provision of a micrometer adjustment on
the magnetometer flowsensor position would not have solved the problem,
since small relative motions between the two runs of pipe would cause varia-
tions in the unbalanced condition.

The possible effects of the ambient field conditions without compen-
sation are made especially severe because of the low sodium velocity in the
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test annulus (2.3 ft/sec under normal conditions) and the small flow area,
which result in a flow signal of only 0.22 G. In an extended flow region and
sodium velocity of 10 ft/sec, the same sensor would provide a signal of

12 G.

As of July 28, 1971, MFS-3 has accumulated 336 hr of operation,
mostly at the maximum loop temperature. The sensor appears to be oper-
ating despite a low insulation resistance (~5000 ); this is attributed to the
deteriorated (aged) ceramic cement employed in fabricating the coil. (A
fresh supply of Ceramabond 503 has been purchased and will be used in

future coils.)

The ratio of flow-velocity values from MFS-3 to those obtained from
the conventional electromagnetic flowmeter in the ALIP loop was found to
vary from 1.00 to 1.13. The random nature of the variations indicate their
source to be in uncontrolled variables in the equipment, rather than aging
changes. The generally higher-velocity values from MFS-3 could be the
result of strong ambient field disturbances causing spurious magnetometer
flowmeter action, which would be sensed by the fluxgate. While the test
method successfully compensated for the balance disturbance of the ambient
field, a determination of the spurious magnetometer flowmeter action can be
made only after termination of the test and removal of the sensor from the
thimble.

C. Neutron-detector Channel Development. G. F. Popper (02-138)

Development under contract with industrial vendors is focused on
complete neutron-detection channels, including cabling and circuitry to
transmit, process, and display information from high- and low-temperature
ionization chambers and self-powered detectors in out-of-core and in-core
regions of LMFBR's. Advanced circuitry for intermediate- and wide-range
applications, and high-temperature neutron detectors are procured commer-
cially; vendor tests are administered; and parameter determination and

operational tests are performed in ANL and EBR-II nuclear-instrument
test facilities.

l. Intermediate- and Wide-range Systems. G. F. Popper (Last reported:
ANL-7845, p. 3.3)

Preliminary drafts of RDT Standards C15-10: Logarithmic Count
Rate Source Range Channel; C15-6: Logarithmic MSV Intermediate Range
Channel; and C15-9: MSV Power Range Channel, have been prepared.
These drafts will be forwarded to RDT for review and approval.

2. High-temperature Neutron-detector Cable Tec}Imology. A. Hirsch and
A. E. Knox (Last reported: ANL-7845, p. 3.4)

- A Technical Note describing the results of oven tests on the West-
inghouse WX-31353-25 cable assemblies to 850°F has been comnleted.



Negotiations are continuing with Westinghouse to obtain information
relating to failure of cable assemblies attached to the WX-30960 fission
chambers.

A tool for the end-trimming of cables has been designed, fabrication
drawings prepared, and fabrication started. In addition, a glove dry box is
being procured. This will allow both cable cutting and end seal application
to be performed in a controlled environment,

Draft RDT Standard F3-39: Testing of High-temperature Cable for
Nuclear Detectors, was received from RDT approved, with comments. It

will be revised accordingly and issued as a Tentative Standard for trial use.

3. NITF Test Program. V. J. Elsbergas (Last reported: ANL-7845, p. 3.5)

The RSN-286 M402 detector, which was installed in the EBR-II O-1
thimble last month, is performing adequately at 110°F., However, the
WX-31384 detector, also installed in the same thimble, evidenced an inter-
mittent external connection in the system and has not yielded any valid data.
Although the malfunction now appears to be corrected, data from both detec-
tors are being analyzed in an attempt to ascertain the problem with the
WX-31384 detector.

Fabrication of the holders for the WX-30950 Compensated Ionization
Chambers to be installed in the EBR-II J-2 thimble is 75% completed. Ra-
diographs indicate that the cables supplied for these detectors are coaxial.

D. Advanced Technology Instrument Development
T. P. Mulcahey (02-096)

New and unique instrumentation is being developed to diagnose per-
formance and detect abnormalities in LMFBR cores. Included are sensors
and techniques for accoustical detection of sodium-coolant boiling, moni-
toring of flow-rate-related phenomena that could detect imbalances between
cooling and power, and the measurement of vibrations that might disturb
overall reactor stability.

1. Acoustic Surveillance. T. T. Anderson

a. Development of High-temperature Detector. A.P. Gavin (Last
reported: ANL-7845, p. 3.5)

Sensors HT-6-2 and HT-6-3 have accumulated 45 days of ex-
posure in an air furnace at 1200°F. During this period, the effects of
varying the composition of the internal atmosphere in these units have been
evaluated.
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After various flushings with helium, argon, and oxygen on

July 15, sensor HT-6-2 was pressurized with oxygen to 600 mm Hg abs

and the vent tube was valved off. A pressure gauge was attached to the vent
tube on the sensor side of the valve, making the total volume of th'e closed
system approximately 5 cc. In 24 hr, the pressure decreased rapidly to
435 mm Hg, and then decreased at a rate of less than 30 mm per day by the
end of the month. This test will be continued to determine if the pressure
stabilizes before the sensor resistance drops or if a continuous supply of

oxygen is required.

The vent tube of sensor HT-6-3 was sealed off without a pres-
sure gauge at the same time that HT-6-2 was sealed. Both units have since
retained their maximum resistance and response characteristics at 1200°F
(24,000 Q for HT-6-3 and 34,000 Q for HT-6-2).

Preparations are being made to conduct similar furnace tests
of other sensors at 1000°F.

Fabrication has started on a sensor to be attached to the fuel-
assembly holddown member of the CCTL. Plans are to have this sensor in
place during testing of the FFTF Mark-IIA fuel assembly.

b. Development of Acoustic Waveguides. T. T. Anderson (Last
reported: ANL-7845, p. 3.6)

A superstructure, consisting of two levels of framework and
catwalks, has been added to the 5%-£t—dia, 11-ft-high water-filled tank for
the purpose of suspending candidate waveguides into the tank for testing.
Checkout of the facility is nearing completion.

By a combination of techniques, sound waves can be produced
in the tank for the frequency range 1 to 100 kHz. Low-frequency measure-
ments (100 Hz-1 kHz) can be performed in a USN-type G19 hydrophone cal-
ibrator. By using servo-slave techniques, the upper frequency limit has
been raised to 10 kHz.

A request for approval in principle for insertion of a waveguide
and an acoustic sensor into the bulk sodium of EBR-II has been forwarded

to RDT. Design of a shield plug to facilitate this insertion has been
initiated.



IV. SODIUM TECHNOLOGY

A. On-line Monitoring and Sampling for Sodium Systems (02-607)

1. National Meter Program. P. A. Nelson (Not previously reported)

Argonne National Laboratory (ANL) is coordinating, as well as par-
ticipating in, a national program for developing, testing, and establishing
commercial availability of meters for use in Fast Fuel Test Facility (FFTF)
and in other LMFBR systems. The meters to be developed and character-
ized in this program are monitors for oxygen, carbon, and hydrogen im-
purities in sodium and a leak detector for steam generators. Meter modules
that provide flow and temperature control are being developed for FFTF.

In preparation for installation of meters and meter modules at
FFTF, six RDT standards have been prepared. These have been reviewed
by FFTF and potential vendors and have been submitted to the AEC Division
of Reactor Development Technology for approval. The standards are as
follows: RDT C8-5, Electrochemical Oxygen Meter for Service in Liquid
Sodium; RDT C8-6, Hydrogen Meter for Service in Liquid Sodium; RDT C8-7,
Diffusion Carbon Meter for Service in Liquid Sodium; RDT C8-8, Specimen
Equilibration Device for the Analysis of Nonmetals in Liquid Sodium;
RDT E8-13, Oxygen-Hydrogen Meter Module for Service in Liquid Sodium;
RDT E8-14, Carbon Meter-Equilibration Module for Service in Liquid
Sodium.

2. Oxygen Meters. J. T. Holmes (Last reported: ANL-7825, p. 4.1)

The immediate objective of this program is to establish the perform-
ance of an improved, commercially available electrochemical oxygen meter
by early FY 1972. The meter, intended for use at FFTF, uses an improved
solid electrolyte tube (thoria-7.5 wt % yttria) and a gas reference electrode.
ANL is participating in the performance characterization and field testing
of these meters and also is responsible for coordinating the efforts of the
other contractors in the program, principally HEDL, Westinghouse, and the
Zirconium Company of America (Zircoa).

Zircoa had produced 200 electrolyte tubes to HEDL process speci-
fications and had shipped them to HEDL by the end of June 1971. Samples
from the first two shipments (70 tubes) have been evaluated and performance-
tested by HEDL and Westinghouse and found acceptable. Twenty of these
tubes have been selected for use by ANL and Westinghouse Advanced Re-
actor Division (WARD) in characterizing oxygen-meter performance over
an extended period.

The Zircoa tube samples that have been tested in Westinghouse oxy-
gen meters at WARD and Westinghouse Research Laboratories (WRL) have
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continued to show better electrical performance than commercial-pvjxrity
tubes produced by Zircoa. None of the new Zircoa tubes has failed in so-
dium, and one tube (No. 4086) has been tested for 1800 hr at 700°F.

To provide a statistically significant measure <?f the calibration
stability of the oxygen meter, 20 FFTF-type meters will be tested: 10 at
ANL and 10 at WARD. (Selection of electrolyte tubes for these meters was
discussed above.) Initial calibration curves at oxygen levels fr?m <I.to
15 ppm will be determined for all meters at 370°C by. t%’xe \./anad1¥1m-w1re
equilibration method, which measures the oxygen actlvlfzy in sodium. . These
calibrations will be repeated after three months of continuous operation at
370°C to determine calibration stability. The temperature coefficients
of the meters will be measured at intervals during this period. Testing
will continue for about a year, under conditions determined by results dur-
ing the first three months.

Construction of the apparatus on which the 10 meters will be tested
at ANL (Oxygen Meter Rig, OMR) is complete except for electrical wiring
and the addition of a sodium reservoir with a 30-gal capacity. This work
is expected to be complete by the time the oxygen meters are delivered by
Westinghouse.

3. Hydrogen Meters. J. T. Holmes (Last reported: ANL-7825, p. 4.2)

The goals of this program are the design, development, and proof-
testing of an on-line hydrogen meter for measuring the hydrogen activity
in primary and secondary LMFBR sodium systems. A diffusion-type
hydrogen-activity meter is being developed for that purpose. The hydrogen
meter can be operated in two modes. The first is a static mode, in which
the equilibrium hydrogen pressure above the sodium is measured directly
and then related to hydrogen concentration in the sodium by Sieverts' law;
the second is a dynamic mode, in which the hydrogen flux through the mem-
brane is monitored by an ion pump.

Recent studies conducted in the Sodium Analytical Loop (SAL) have
been directed toward determining the Sieverts' law constant for the hydrogen-
sodium system. Sieverts' law is expressed by the relation

i3 1/2
S = Rl (1)
where

S = concentration of hydrogen in sodium, ppm,

K = a constant, ppm Torr~1/2 or ppm cm™1/2,

and

P = hydrogen pressure, Torr or cm.



The constant, K, was measured by adding known quantities of hydrogen to
the sodium and measuring the equilibrium pressures before and after the
additions. The results indicated a value for the Sieverts' constant of 18.6 *
1.3 (20) ppm cm™'/2 (5.8 + 0.5 ppm Torr~'/?) at 450°C.

When the hydrogen meter is operated in the equilibrium mode, as in
this experiment, equilibrium pressures are achieved within about 10 min.
Thus, the hydrogen meter provides a fast, accurate determination of the
hydrogen concentration in sodium.

4. Carbon Meters. J. T. Holmes (Last reported: ANL-7825, p. 4.3)

Present work in this area is being directed toward development of
a method for relating the carbon-flux output from the UNC diffusion-type
carbon meter to the carbon activity of the sodium. Initially, attempts are
being made to correlate flux readings with the carbon uptake of metal
specimens also immersed in the sodium. Because of the difficulty in con-
trolling the carbon concentration in a flowing-sodium system, these ex-
periments are being made in a stirred vessel. Scouting experiments are
in progress to select appropriate metal specimens for these studies. Can-
didate materials are nickel, iron-8% nickel, stainless steel, and vanadium.

5. Meter Modules for FEFTF. J. T. Holmes (Last reported: ANL-7825,
p. 4.3)

The objective of this work is to design, prooftest, and establish

commercial availability for on-line meter modules to be installed at FFTF.

These modules include the meters for monitoring impurities and the flow
and temperature controls required for proper meter operation. Two types
of modules are being designed and fabricated: (1) an oxygen-hydrogen
meter (O-H) module, containing two oxygen meters (in case one should
fail) and a hydrogen meter, and (2) a carbon meter-equilibration (C-E)
module, which houses either a carbon meter or a device for equilibrating
metal specimens for meter-calibration purposes. Prooftesting will be
carried out on laboratory sodium systems and on the Radioactive Sodium
Chemistry Loop (RSCL) at EBR-II.

The O-H module to be tested at ANL-Illinois has been installed on
the Test and Evaluation Apparatus (TEA), and testing has begun. The sec-
ond O-H module, console, and the components for Cell B subsystems have
been sent to EBR-II, and installation is scheduled for completion early in
September.

On startup of the O-H module in TEA, one of the electrolyte tubes
proved to be defective and was replaced. Since then, both oxygen meters
and the hydrogen meter in this module have operated satisfactorily.

4.3



4.4

The module is being tested at sensor temperatures of 700, 800, and
900°F with an inlet sodium temperature of 700°F. The sodium in TEA has
been cold-trapped at oxygen levels in the range of 0.5-15 ppm and hydrogen
levels in the range of 0.05-1.5 ppm. Preliminary tests of the hydrogen me-
ter indicate a concentration of ~0.3 ppm hydrogen at a cold-trap temperature
of 160°C. This is in agreement with the solubility of hydrogen in sodium at
this temperature. The temperature dependency, expressed as activation
energy for permeation of hydrogen through the nickel membrane, was found
to be ~13,700 cal/mol over the range of 700-900°F.

Two carbon meter-equilibration (C-E) modules and instrumentation
consoles have been fabricated. A side view of a module, before installation
of heaters and thermocouples, is
shown in Fig. IV.1. Final assembly
and checkout of the meters and mod-
ules are under way. Both units will
be used for calibrating oxygen me-
ters by the equilibration of vanadium
metal specimens. One will be used
on the Oxygen Meter Rig (OMR) at
ANL-Illinois (see Sect. IV.A.1); the
other will be installed at EBR-II on
the RSCL. The data package for in-
stallation and testing of the C-E
module at EBR-II has been reviewed
by an EBR-II safety committee. In-
stallation will begin following ap-
proval of the experiment by EBR-II

GAS LINE— |

management.
SODIUM INLET a
i : 6. Detectors for Leaks in Steam
FLOW INDICAFOR— VALVE 4 Generators. P. A. Nelson (Last
i reported: ANL-7825, p. 4.4)
Fig. IV.1. Carbon Meter-Equilibration (C-E) When operated in the dynamic
Module--Side View (30 in. high, mode, the ANL hydrogen meter can
32 in. deep, 11 in. wide). ANL serve as a water-to-sodium leak de-
Neg. No. 308-2577A. tector in an LMFBR steam generator.

G Work has been completed on the fab-
rication of components for a steam-generator leak detector for the Liquid
Metal Engineering Center (LMEC). The sodium hardware, hydrogen-meter
vacuum components, and instrument console have been shipped to LMEC.

The unit will be installed on the Sodium Component Test Installation at
LMEC early in FY 1972,

Before shipment, the instrument console was connected to an argon-
hyd.rogen test system to determine the response of the alarm system to
various hydrogen input rates. These tests confirmed that the alarm sys-
tem operates as expected; i.e., when hydrogen is introduced at a low rate
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the alarm set point moves up with the ion-pump signal and no alarm occurs.
(The delay time for the set point to follow the ion-pump signal is adjustable.)
When hydrogen is introduced at a high rate, the ion-pump signal increases
rapidly and the alarm point is reached
before the set point can move upward.
Figure IV.2 illustrates an increase in
1 hydrogen level similar to that ex-
pected in a steam-generator leak of
5x 10™* 1b of water per second. The
first alarm (leak alarm) occurs when
the ion-pump signal exceeds the set
point, and the second alarm (high
hydrogen alarm) occurs when the
i o i 2 3 2 5 G 7 ion-pump signal exceeds a fixed-
i alarm trip point on the recorder
(in this example, 16.5 pA).

20 T T T T T T T

HIGH H 2 ALARM

LEAK ALARM 7

ION PUMP CURRENT, uA
=)
T

Fig. IV.2. Test of Leak-detector Alarm System (set-

point delay: 500-sec time constant)
A nickel membrane of the

same material and design as the one installed in the leak-detector module
has been tested on the Sodium Analytical Loop (SAL) for nearly 2000 hr.
Both the membrane and the ion pump

have performed as expected for the ! T i T " T ! T
entire test period. The ion-pump i
current has been very stable. 25
Figure IV.3 shows the short- 22
time response of the meter to a %I
rapid change in the system. Since %
it was not possible to add hydrogen 3! e
rapidly to SAL, the temperature of J
the membrane was changed rapidly; 3 T dow
such a change would have an effect o | | . DS SR . |
onthe vacuum system similar to that 0 i P i?uz,m.z..s S

of a rapid change inhydrogen concen-

=

tration. Increasing the temperature Fig. IV.3. Short-time Response of Leak Detector
increases the diffusivity of hydrogen, (temperature, ~450°C)

whereas increasing the hydrogen in

sodium increases the hydrogen concentration gradient across the membrane.
Bothmechanisms result inincreased hydrogenpressure in the vacuum system.

To accomplish the rapid change shown in Fig. IV.3, the sodium flow
was stopped for a short time and the upstream temperature (initially 375°C)
was raised to 450°C. The flow was then started, and the meter response
was recorded. The initial response was almost instantaneous. (The delay
of about 10 sec was sodium transit time.) The time required from the initial
response to 50% of the total change was about 30-45 sec.

A prototype hydrogen-meter leak detector for the EBR-II secondary
sodium svstem is being installed on the SAL for design-confirmation tests.
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r membrane and associated vacuum

The unit consists of a hydrogen-mete
tem, which includes a heat exchanger,

system and a sodium-conditioning sys
heaters, and a small, linear-induction pump.

The assembled sodium system, before installation of heaters, ther-
is shown in Fig. IV.4. One end of the heat ex-
changer is attached directly to the
NICKEL MEMBRANE HOUSING inlet sodium pipe. Sodium enters
the annulus of the heat exchanger
at this point and flows to a flow-
dividing tee, where it is diverted to
a side leg in which the sodium pump
is located. The pump, a linear-
induction pump built from a com-
mercially available linear actuator,
has coils capable of operation at
250°C. Flow continues from the
Fig. IV.4. Prototype Leak Detector for EBR-II pump, back to the flOW—d1v1d1r-1g tee,
Secondary Sodium System. ANL and along the annulus to the high-
Neg. No. 308-2578A. temperature end of the heat ex-
changer, where the nickel diffusion
membrane is located. The sodium then flows past the membrane and re-
turns to the main stream through the center tube of the heat exchanger.

mocouples, and insulation,

‘ SODIUM OUTLET
.

et FLOW-DIVERTING TEE

: VACUUM FLANGE

"HEAT EXCHANGER

SODIUM INLET

The tests of the prototype unit on SAL will include (1) startup of the
leak detector, (2) operational tests to determine thermal performance and
stability, and (3) tests of the diffusion of hydrogen through the nickel mem-
brane and the response of the ion-pump to changes in the hydrogen content
of the sodium.

7. Characterization of Impurity Meters and Meter Response to Impurity
Species. P. A. Nelson (Last reported: ANL-7798, p. 59)

The primary goal of this work is to study the interactions of impurity
species and their effects on the impurity-monitoring devices in cold-trapped
sodium. The effect of cold trapping on these impurities will be studied as a
function of cold-trap operating parameters and procedures. The methods for
determining the impurities (O, H, C, and N) in the sodium will be on-line im-
purity meters, equilibration of metal specimens, and sampling and analysis.
Expfarimental work will be conducted in the Apparatus for Monitoring and
Purifying Sodium (AMPS). This sodium system will provide stable but ad-
justable impurity levels in the sodium fed to the test cold trap.

) The design package for AMPS has been completed and reviewed. Some
dfésxgn changes were made as a result of this review, including the additionof
pipe anchors, the addition of thermal shields in the dump tank, modification of
the trace heating, and reconsideration of the need for thermal protection of
the enclosure. Pressure vessels and cold traps are under construction, and

system components are being ordered. A detailed test plan for the use of
AMPS is being prepared.
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V. FUELS AND MATERIALS DEVELOPMENT

A. LMFBR Cladding and Structural Materials

1. Swelling and Mechanical Behavior of Cladding Alloys (02-605)

a. Swelling of Type 304 Stainless Steel. P. R. Okamoto,
B. J. Kestel, and S. D. Harkness (Last reported: ANL-7845,
pistl)

Immersion-density measurements were performed on samples
from flat 3 of the guide thimble of EBR-II safety rod 3A1. The thimble had
accumulated 37,490 MWd and a calculated peak total fluence of 1.7 x 1023 n/
cm?. All samples were electropolished before weighing. Measurements
were made in once-boiled distilled water to which Kodak Photo-flo 200 solu-
tion was added as a wetting agent. At least four sets of wet and dry weigh-
ings were made for each sample. Fractional changes in densities in the
irradiated samples were determined on the basis of a density of 7.8991 g
for a reference sample located 25.5 in. above the reactor midplane. The
results are summarized in Table V.1. The fluence and irradiation tempera-
tures reported are tentative values and are subject to revision upon receipt
of additional data.

TABLE V.1. Percent Density Change of Solution-—annealed Type 304
Stainless Steel from EBR-II Safety Rod 3Al

Axial Distance

Sample from Reactor Irradiation Total Denaity"
Reference Flat Midplane,? Temperature, Fluence, Change,
Number Number in. o n/cm

3A1-238 3 -9.1 374 6.4 x 1022 -1.2
3A1-240 3 -6.1 374 12 xl0a® -2.0
3A1-242 3 -3.0 385 1.6 x 1023 -3.8
3A1-245 3 0.34 402 1.7 x 10?3 -7.9
3A1-247 3 257 424 1.5 x 10?3 -10.5
3A1-249 3 547 440 b x 10 -8.8
3A1-251 3 8.8 457 3 x 10%? -3.0
3A1-253 3 1078 459 c -1.4

270 center of specimen.

Based on a density of 7.8991 determined for a sample located 25.5 in. above the reactor
midplane.

®Insufficient information available.

The maximum observed density decrease was 10.5%, which
occurred in a sample 2.7 in. above the reactor midplane. This correlation
between the peak in the swelling profile with axial position was also observed
in the swelling profile of the guide thimble of EBR-II control rod 5A3 (see
ANL-7833, p. 5.1). In both cases, the axial position corresponding to the
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maximum density decrease did not correspond to the region of peak fluence,
but rather to a region of higher temperature that was exposed to a fluence

of about 0.9 of the peak value.

Samples from both safety rod 3A1 and control rod 5A3 have
been examined by transmission electron microscopy, and the micrographs

are now being analyzed.

b. Theoretical Aspects of Void Formation. S. D. Harkness and
Che-Yu Li (Not previously reported)

Recent work on the theoretical aspects of void formation was
presented at the Albany Conference on radiation-produced voids. The
major points were as follows: (1) The trapping of self-interstitial atoms
by substitutional solute atoms may occur at reactor temperatures. Such
trapping could sharply reduce void formation and thus help explain the ob-
served sensitivity of swelling to minor solute additions. (2) The swelling
rate of a metal is expected to be a maximum when the voids and dislocation
structure are equally effective sinks. Cold work, therefore, could increase
or decrease swelling rates, although a decrease is more likely. (3) The
conditions under which a saturation in void volume occurs have been ana-
lyzed for the case in which dislocations intersect the voids. Complete
saturation is not expected unless (a) all the dislocations are connected to
the voids, (b) the rate of vacancy flow out of the void is sufficiently large
to maintain the equilibrium void-dislocation configuration, and (c) the
spacing between the voids is sufficiently small to ensure recombination
through the dislocation or to limit the extent a dislocation can climb, or both.

Under these conditions, it is expected that the higher the number
density of voids the lower the void volume at saturation. Note, however,
that this analysis assumes the dislocation loops have unfaulted and glided.
Looping unofaulting is calculated to occur in Type 304 stainless steel at
about 800 A, which means that the present analysis is valid for irradiation
temperatures in excess of 475°C. Of course, at high doses the analysis
should extend to somewhat lower temperatures.

2. Nondestructive Testing Research and Development (02-092)

a. Data-handling System Investigation. C. J. Renken (Not previ-
ously reported)

Quality requirements on some fast-reactor components and
materials are so strict that nondestructive testing and other quality-
assu.rance procedures account for a considerable portion of the cost of
the flr.xished item. Fuel-element jacket tubing can be cited as an example.
The direct cost of nondestructive testing of jacket tubing arises from three
sources: (l) operating costs of equipment, including labor and maintenance;



(2) capitalization of equipment cost; and (3) cost of "false alarms" --tubing
erroneously rejected by the test. Of course, depending upon the method of
bookkeeping used, inspection costs included in the purchase price will be
much higher than the total of the previously mentioned costs to pay for
development and all the fabrication costs necessary to produce some tubing
that will pass the nondestructive tests as well as tubing that will not pass.
To reduce the cost of nondestructive testing, the equipment should possess
the best engineering compromise of the qualities of speed, reliability, accu-
racy, and simplicity that are possible under the state of the art.

A further reason for high component costs is probably un-
sophisticated specifications that call for quality levels not necessary for
satisfactory service. As additional test data and operating experience be-
come available, specifications should be written that relate to this accumu-
lating knowledge. As an example, current specifications for tubing neglect
defect location (inner or outer surface) and orientation with respect to the
axis. Rejection is only on the basis of depth; yet steadily accumulating
evidence from biaxial-creep burst tests indicates that defect orientation has
a pronounced effect on time to failure. If this type of data is eventually
reflected in specifications in an effort to reduce cost, nondestructive test
equipment will be required that has the capability of recognizing and cate-
gorizing a defect according to some function of depth, length, and axial
orientation.

Equipment to accomplish this type of test is presently under
development. At the current stage of development, the equipment in use
is a pulsed electromagnetic system with six channels each using two sample
points to produce 12 analog signals with a bandwidth of 0-30 Hz. This six
channel system is only used to check the feasibility of the processing
routines. Eighteen channels are actually needed to completely inspect a
tube at a throughput rate of 2 m/min,

A PDP-8 computer is presently used to accomplish the A-to-D
conversion of the analog data to digital form, and, for some simple pre-
processing, to increase the effectiveness of the pattern-recognition schemes
being used to recognize abnormal conditions in the tubing. The PDP-8
punches out the contents of its memory on paper tape, which is then con-
verted to cards for use in the ANL System 360. Actual pattern recognition
is being performed on the large computer, but after an optimum pattern-
recognition scheme has been identified for this application, an actual hard-
ware pattern recognizer will be constructed to work in conjunction with
the PDP-8.

53
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B. Fuel Properties

1. High-temperature Properties of Ceramic Fuels (02-094)

Plastic Yielding and Fracture of Mixed Oxides. K. J. Daniel and

a
J. T. A. Roberts (Last reported: ANL-7845, p. 5.13)

To date, brittle-fracture data on UO,-20 wt % PuO, and UO,
have been obtained with the four-point bend test that uses a rectangular
bar-shape specimen.* A more convenient and perhaps more meaningful
test would be one that uses a fuel pellet, since fracture data on material
representative of that used in irradiation studies are essential to the proof-
testing of fuel-performance codes. The so-called "diametral-compression"
test** has been used to determine fracture strengths of brittle materials
at room temperature. We have extended the useful temperature range of
this test to 1000°C using UO, pellets.

The diametral-compression test consists of compressing a
cylindrical pellet in the direction perpendicular to the axis of the pellet.
The stress system generated in the pellet is biaxial. A tensile stress is
developed across the loaded diameter and is given by the expression

0 = — (1)

and the minimum compressive stress in the center of the pellet is given by

6P
o= ’Tl'—Dt’ (2)
where P is the load, D is the diameter, and t is the thickness of the
specimen. To eliminate the possibility of an infinite compressive stress
at the point of contact with the pellet, a bearing pad must be used between
the pellet and the platens of the compression cage. This distributes the
load over a small area without interfering with the maximum tensile stress
in the center of the specimen. The correct bearing-pad material (and
thickness) must be found experimentally. The criterion used is a correct
fracture, i.e., a smooth, straight fracture surface in the center of the

specimen.** Itwas found thatdifferent temperature ranges required different
pads (see Table V.2).

*
R. F. Canon, J. T. A, Roberts, and R. J. Beals, J. Am. Ceram. Soc. 54(2), 105-112 (1971); J. T. A. Roberts

and B. J. Wrona, Nature of Brittle~to-Ductile Transition in UO2-20 wt % PuOg Nuclear Fuel, J. Nucl
Mater., in press. :

**A. Rudnick
-Rudnick, A. R. Hunter, and F, C, Holder, Mater. Res. Std. 4, 283-289 (1969).




TABLE V.2. Bearing-pad Materials

Temperature,
°c Materials
RT (25°C) Computer card (1 thickness)
500-800 5-mil-thick copper®
800-1000 2 sheets of 3-mil-thick nickel®

%0ne-half-mil sheet of mica was inserted between pad
and compression cage to prevent reaction with the

tungsten.
D T =TT =T =TT The fracture strength of UO,
ool 4 pellets (dimensions, 0.25 by 0.25 in.;
1200 {____’_’_ d density, 97% of theoretical; grain
m%/ | size, 10 j; and O/M = 2.00) was
~ ULTIMATE TENSILE STRESS vs
il TEWERATURE | measured from room temperature
= DUNETRAL CMPRESSION — - — to 1000°C with a Model TT-DM-L
AP ] (10,000 kg) Instron testing machine
I 3 by 1 that incorporates a tungsten com-
L 3 I . : .
200 = pression cage. As shown in Fig. V.1,
——r L L L 11} the fracture strength, calculated
TEMPERATURE, °C using Eq. 1, was essentially inde-

pendent of temperature and was
cons‘iderably lower than obtained

from the four-point bend tests. This
was not unexpected, since it is well documented in the ceramic literature
that the brittle-fracture strength is sensitive to the test technique used.

Only the tensile test, which is extremely difficult to perform, produces

a simple uniaxial stress state in the specimen. The ratio of rupture modulus
(obtained from the bend test) to fracture stress (obtained from the diametral-
compression test) ranges from 1.3 to 2.9 in other brittle materials.*

Fig. V.1. Temperature Dependence of Strength
of UOg. Neg. No. MSD-55270.

It must be concluded, therefore, that the strength of a fuel pellet
should be determined using stress conditions similar to those experienced
by the fuel in reactor, i.e., a biaxial tensile-stress system, where the hoop
stress is the maximum tensile stress. Broughtman et al.** have shown
that a biaxial tension-compression stress system reduces the brittle
strength of alumina and graphite in a manner similar to a biaxial tension-
tension stress system. In this respect, the diametral-compression test is
more advantageous than the four-point bend test. It is proposed to use this

*A. Rudnick et al., ibid.
**L. ]. Broughtman, S. M. Krishnakumar, and P. K. Mallek, J. Am. Ceram. Soc. 53(12), 649-654 (1970).
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technique to determine the relative "tensile" fracture strengths of two types
of pellets (closed versus open porosity) fabricated by WADCO.

b. Crack-healing Studies in UO,. H. Vander Plas and
T. T. A. Roberts (Not previously reported)

Oxide fuels are inherently brittle, and cracking is extensive
in reactor as a result of the generation of thermal stresses during startup,
shutdown, or power-transient conditions. During steady-state operation,
however, cracks heal. For example, Bain* found that cracks deliberately
introduced into UO, and ThO,-2 wt % UO, pellets healed in reactor at tem-
peratures < 0.55T, (Tm = melting temperature). The indications were that
cracks healed to the limit of the grain-growth region, but the mechanism(s)
of crack healing and the influence of temperature, time, stress, and neutron
flux were not determined. The problem of crack healing has been made
more acute by the recent introduction of a fuel-cracking subroutine into
LIFE-II.** Certain conditions for crack healing are necessary, and so,
arbitrarily, cracks are made to heal when a compressive stress of <100 psi
is sustained in the fuel region for longer than 1 hr at temperatures above
0.55T,,,. Obviously the range of conditions under which cracks will heal
needs to be evaluated. In addition, the strength of cracked, partially healed,

and fully healed fuel needs to be factored into

L T T T the cracking subroutine so that the swelling
1000~ n rate of cracked fuel can be predicted.
% soq 1
,'?m_ 4 | The present out-of-pile program on
2 | UO, was initiated to provide baseline data on
F e : ] crack healing in oxide fuels that could be used
geoo— || . in the design of critical in-pile experiments.
Em_ I‘ | The first step was to produce thermal-shock
%mo_ \ ] cracks in a bar specimen that could then be
z \ tested in four -point bending. The extent of
§’°°‘ q\ 7] cracking was determined by measuring the
= 200 0\8\0 = ] bend strength after quenching from various
Al oo ————wo— 4 temperatures into water at room tempera-
2 ture. The effect of quenching temperature on
¢ 1% 200 300 400 500 600 700 so0  strength is shown in Fig. V.2. The behavior

QUENCHING TEMPERATURE,*C . . .
of UO, is similar to other oxide ceramics

Fig.V.2. Strengthas a Function of Quench- such as Alzo3~\f The fracture stress of
ing Temperature. Neg. No. specimens quenched from =100°C is ap-
MSD-552171.

proximately constant. In the temperature
range 125-250°C, the fracture strength has
inimum at quenching temperatures <300°C.
asein strength corresponds to the first

a much reduced value, with a m
The almost instantaneous decre

*
"A. S. Bain, AECL 1827 (1963) and AECL 3008 (1967).

V. Z,
2. Jankus and R. W. Weeks, " LIFE-I]--A Computer Analysis of Fast-reactor Fuel-element Behavior as a

et : k
unction of Reactor Operating History," to be presented at 1st Intl. Conf. on Structural Mechanics in
Reactor Technology, Berlin, Sept 20-24, 1971.

K. W. Davidge and G. Tappin, Trans. Brit. Ceram. Soc. §6(8), 405-42° ~nem




C. Quenching Temperature

150°C

Fig. V.3

Thermal Shock-cracking Character-
istics in UOg. Mag. 100X. Neg.
No. MSD-55215.

5.7




5.8

appearance of cracks in the quenched specimenf. ’-I‘he' str.ength is relativeliy
independent of quenching temperature up to 700 C., md1cat1r}g that the crac
depth must remain constant. [Fracture strength is determme.d by the
equation o = (ZE’y/WC)l/Z, where E is Young.'s modulus, vy is st'lrface
energy for fracture, and C is critical crack s:lze.] HoW?ver, as is sho@
in Fig. V.3, the number and widths of cracks increase with an increase in
quenching temperature. Preliminary healing experiments have shown_ that
the severity of the shock treatment affects the rate at which strength is

regained.

2. Thermochemical Properties of Reactor Fuels. A. D. Tevebaugh and
P. E. Blackburn, CEN (02-162)

a. U-Pu-O and U-Pu-O-Na Phase Diagram and Kinetic Studies.
P. E. Blackburn (Last reported: ANL-7825, p. 5.24)

The study of the U-Pu-O phase diagram is being delayed so that
a study can be made of the reaction of liquid sodium with uranium-plutonium
mixed oxides. Because of the possible inadvertent reaction of sodium
coolant with reactor fuel, it is important to determine the potential severity
of the problem and whether it can be avoided.

The initial studies are being made with mixed oxides with a
Pu/(U+Pu) ratio of 0.20. The product of the reaction at 900°C was pre-
viously identified as Naz;MO,, where M
represents UyPu;_y (see ANL-7825,
p. 5.24). Because the Na;MO, phase is
only about half as dense as the mixed-
oxide phase, the formation of Na;MO,
can cause swelling. An example of this
is shown in Fig. V.4, a photomicrograph
taken of the interior of a sintered pellet
which had been exposed to sodium at
900°C. It is apparent that sodium pene -
trated the pellet along a Preexisting
crack and reacted with the adjacent
mixed oxide to form Na;MO,. Appar-
ently, this process expanded and length-

Fig. V.4. NagMO4 Phase Formed along Crack
in Interior of Mixed-oxide Pellet ened the crack, thus spreading the
Exposed to Sodium at 900°C for reaction.
2 days; As-polished. Mag. 300X.
ANL Neg. No. 308-2571.

When the pellets are relatively
dense and free of cracks, the reaction
Product has been observed to form almost entirely at and near the surface
of the pellets. An example of a surface reaction layer formed at 900°C is
shown in Fig. V.5. Similar reaction layers have been observed at the
surfaces of pellets exposed to sodium at 500, 600, 700, and 800°C. A

ful'-ther study of the kinetics of the reaction of sodium with sintered mixed-
oxide pellets is being made.
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Fig. V.5

NagMOy Layer Formed on Surface of Mixed-
oxide Pellet Exposed to Sodium at 900°C for
2 days; As-polished. Mag. 300X. ANL Neg.
No. 308-2572.

The O/M composition of the
mixed-oxide phase, Pu/(U +Pu) = 0.20,
in equilibrium with sodium and the
Na;MO, phase is being determined. This
is important to establish, because mixed
oxide with an O/M composition equal to
or less than the equilibrium value could
not react with sodium that has a low
oxygen content. For this study, the
initial mixed oxide has an O/M com-
position of 1.99; and is in the form of a
fine powder, 43% of which is -270 mesh.
The powder is reacted with sodium at
various temperatures in welded-shut
nickel capsules. After the reactions,
the capsules are cut open and the free
sodium is removed by dissolution in
ethyl alcohol. Portions of the powders

are examined by X -ray diffraction, and the lattice parameter of the product
mixed-oxide phase is determined. From a previously established cali-

bration graph of lattice parameter versus O/M

composition for the mixed-oxide phase, the O/M J !
composition of the mixed-oxide phase in the prod- 220 | =
uct mixture is established. The data obtained to 1100 |~ o -
date under presumably equilibrium conditions are ool ]
shown in Fig. V.6. The reaction times used at

these temperatures were 0.17day at 1100°C, 3days ; *°[ o =
at 900°C, and 7 days at 800°C; to reach equilib- E 800 [ -
rium at 500°C, a capsule was first held a%900°C g Sl N
for 3 days and then held at 500°C for 14 days. &

Some data, which obviously represented nonequi- oo™ n
librium conditions, were obtained in single-stage 500 [~ 1 =
runs below 800°C. For example, after a reaction 400 |- | =
of 8 days at 600°C, the O/M composition of the . f I ;
product mixed-oxide phase was 1.987. The data 195 1.96

shown in Fig. V.6 indicate that the equilibrium
O/M ratio is not very temperature-dependent.

Additional studies are being made with
mixed oxides with Pu/(U + Pu) compositions of 0.10
and 0.30. After the reaction of the powders with so-
dium, data analogous to that shownin Fig. V.6 will
be established by the lattice-parameter method.

0/M COMPOSITION
Fig. V.6

O/M Composition of Uranium-
Plutonium Mixed-oxide Phase,
Pu/(U +Pu) = 0.20, from Lattice
Parameter Measurements, after
Reaction with Sodium in Nickel
Capsules

549



3. Physical and Chemical Studies - -Molten Fuel, Cladding, and Coolant.
A. D. Tevebaugh and M. G. Chasanov, CEN (02-175)

Thermal Diffusivity for Solid and Liquid Reactor Materials.

a2
M. G. Chasanov (Last reported: ANL-7825, p. 5.25)

To aid in evaluating means of safely cooling the core of an
LMFBR in the event of a meltdown incident, we are determining the thermal
diffusivity of UO, in the liquid state. Our concurrent measurement of the
thermal conductivity of liquid UO, will also be useful in determining the
temperature distribution in the clad fuel under operating conditions.

The thermal diffusivity will be determined from the phase
change in a thermal wave produced by heating the sample with a sinusoidally
modulated electron beam. Recent work has been directed toward preparation
of samples and testing of the electron-beam guns. A tungsten cell has been
welded successfully with a UO, disk inside. The defective deflection system
(due to shorts in the wire leads to the upper electron gun) has been repaired.
Three bridge-type rectifiers have been received, and two have been in-
stalled and tested. One is being used in the grid-modulation circuit; the
other is being used in the lower-gun grid control. A change was made in
the high-voltage trip-out circuit to allow both guns to operate at 300 mA,
since this current capability is necessary to obtain the higher sample
temperatures.

Several tungsten disks were used to test the electron guns and
measure temperature profiles. One disk was used with the top gun only
to test the grid-modulation procedure. The thermal-diffusivity value ob-
tained agreed favorably with the literature. A tungsten black-body disk
with three side holes was prepared; the holes, two of which extended to
the center of the disk, were used to determine the true surface temperature.
Both electron guns were used to provide uniform heating of the disk at
several temperatures. Simultaneous readings, using two optical pyrometers,
were taken on the upper surface and at one of the holes to relate the surface
and black-body temperatures. A window correction was applied to the
pyrometer readings to obtain the black-body temperature.

The results of several temperature-profile measurements in-
dicated that the empty diffusivity cell could be tested up to 2500°C. The
thickness of the 1-in.-dia, 0.155-in.-thick empty cell had increased by 3%.
Above 2500°C, a significant temperature spread developed. The temperature
spread was decreased by increasing the peripheral-scan dwell time with
a Zener-diode clipping circuit. In a subsequent test, at 2962°C, convex

bu'ckling occurred on top and bottom surfaces, which increased the center
thickness about 33%. ;

To achieve the temperature necessary for testing the diffusivity
cell, both guns were operated at 300 mA, which is the maximum meter
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reading per gun The maximum center sample temperature may have to

be about 3200°C in order to obtain a completely molten UO, sample. At

the higher temperatures (2500-3200°C), the cell diameter will be reduced
from 1 to 0.75 in. This will decrease the radiating surface by 43%, allowing
operation with an improved temperature spread and also at a lower power
level. The decreased temperature differential will decrease the buckling
forces on the surface, and the smaller size will have greater surface
strength for the same wall thickness.

Concurrent with the experimental activities, a theoretical ex-
amination of the thermal-conductivity experiment is being made. The first
step in the analysis is the evaluation of Cowan's work,* and the substitution
of our boundary conditions in his equations. New equations will be developed
to describe our two-gun system with a composite tungsten-UO, sample
since Cowan's work was an idealized treatment of a one-component system.
A computer program has been written for the solution of Cowan's equations
and will give the phase shift and amplitude as a function of position in the
sample. The objective is to determine the minimum temperature spread
for the cell, which will result in a negligible interfering phase shift due
to peripheral tungsten conduction. This information will allow optimization
of cell design and provide reliability for the experimental measurements.

C. Fuel Elements

1. Behavior of Reactor Materials (02-086)

a. Oxide-fuel Swelling Mechanisms and Models. B. J. Makenas
and R. B. Poeppel (Last reported: ANL-7833, p. 5.8)

The Gas Release And Swelling Subroutine (GRASS) code has
been used to calculate the behavior of fission gas in irradiated mixed-oxide
fuel following an accident in which the sodium coolant is lost. The model
is initially supplied with normal operating conditions and a density corre-
sponding to a given atomic-percent burnup. Fuel porosity is asosumed to
consist entirely of free bubbles with radii of approximately 100 A, which
is characteristic of the unrestructured region. The surface temperature
is then instantaneously increased, while the linear power is simultaneously
decreased. GRASS then calculates the isothermal behavior of the fuel.
Percent swelling is computed as a function of time following coolant loss.

Fuel irradiated to both 2 and 3 at. % burnup and with surface
temperatures elevated to 2500, 2700, 2900, and 3200°C was modeled. At
the two highest temperatures, the fuel was assumed molten. For molten
fuel, GRASS assumes a lower hydrostatic stress and neglects consideration
of dislocations and grain boundaries.

*R, D. Cowan, LA-2460 (1960).



In addition to the isothermal calculations, GRASS was also used
to compute swelling during the temperature-transient type of accident
(typical of a flow coastdown) for fuel at 2 at. % burnup. In thisoca.se, the
surface temperature was allowed to increase from 750 to 3000 °C in about
13 sec. Material above 2800°C was assumed molten. Fuel temperatures
and temperature gradients, as a step function of time supplied to the model
as data,* were used instead of the values normally calculated by the fuel-
temperature subroutine. Total percent swelling was computed by GRASS
at each temperature step of the coastdown. Comparisons were also made
using various values of hydrostatic stress in the material.

Fuel swelling for both of these studies is shown as a function

of time in Fig. V.7. Each is for a fuel at 2 at. % burnup. A hydrostatic
stress of 10 atm was used for solid

] s o R A i g T N fuel and 2.5 atm for fuel above the
INSTANTANEOUS SURFACE = 3 L
- TEMPERATURE INCREASE - melting point.
FROM 700 °C
3200°C

2700°c ] b. Fuel-Fission-product-
Cladding Interactions.

4 P. S. Maiya, D. E. Busch,
B and J. E. Sanecki (Last re-
FLOW CoASTOOWN ported: ANL-7833, p. 5.9)

2
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Previously it has been

-| shown (see ANL-7833) that the depth

3 of penetration of stainless steel clad-
ding by cesium depends strongly on

- the oxygen potential of the cesium.

1 Inasmuch as the oxygen potential can
'* '® be related directly to the oxygen-to-
metal (O/M) ratio of the fuel, it is
observed that enhanced cladding pene -

PERCENT FUEL SWELLING
~
2

TIME, sec

Fig. V.7. Percent Fuel Swelling as Predicted by

GRASS Code for a 2 at. % Burnup vs tration occurs at a critical oxygen
Time, following Sodium-coolant potential corresponding to a fuel
Loss. Neg. No. MSD-55330, O/M ratio of 2.002. Little cladding

penetration by cesium is expected in
a fuel whose O/M ratio is =2.001. Several of the assumptions made in
relating the oxygen potential of cesium to that of the oxide fuel remain to
be examined. These observations and also the reported increase in the
oxygen content of irradiated Type 304 stainless steel cladding (see
ANL-7825, p. 5.34) are consistent with the mechanism proposed earlier
(see ANL-7825, p. 5.28).

i Another important variable expected to influence the rate of
t}1]ss1on—product-cladding attack is the quantity of volatile fission products
at collect at the fuel-cladding interface. A series of experiments has

R
Data obtained from W. R. Bohl, ANL (Reactor Analysis and Safety Division).



W " been performed in which 20% cold-
oo - .

P a”

K i worked Type 316 stainless steel

was exposed to different amounts

of Cs,0 for 120 hr at 690°C. Inter-
granular penetration occurred in
cladding exposed to both liquid Cs,O
and its vapor. Figure V.8 shows a
series of cladding microstructures
after exposure to Cs,O and its vapor.
It was observed that the depth of
penetration increases with an in-
crease in the amount of Cs,0 intro-
duced into the test capsule, which
had a volume of 1 cm?. A plot of
mean penetration of the austenitic
stainless steel exposed to liquid
Cs,0 versus amount of Cs,0 (see
Fig. V.9) shows a correlation between
the depth of attack and the amount of
Cs,0. The explanation for this pene-
tration dependence on the amount of
Cs,0, when the amount of Cs,0 is
small, appears to be due to the for-
mation of stable chromates or mo-

0.70g lybdates that lower the activity of
EXPOSED TO Cs,0 LIQUID EXPOSED TO Cs,0 VAPOR Cs,0. The rate of cladding attack
"m shown in Figs. V.8 and V.9 is greater

than in mixed-oxide fuel elements

Fig. V.8. Effect of Different Amounts of Cesium irradiated in EBR-II. This is ex-

Oxide on the Depth of Penetration in pected, because the total quantity

20% Cold-worked Type 316 Stainless of cesium produced per 10 at.%

Steel. Exposed for 120 hr at 690°C. burnup in a 12-in. column of mixed-
As-polished. Neg. No. MSD-55122. oxide fuel (total volume =7.3 cm?) is

Fig. V.9

Intergranular Penetration of 20% Cold-worked
Type 316 Stainless Steel Exposed to Different
Amounts of Cesium Oxide at 690°C for 120 hr.
Neg. No. MSD-55082.

MEAN DEPTH OF PENETRATION, mils
>
I
|

o 0.2 0.4 0.6 0.8 1.0 12
AMOUNT OF 0520. 9



approximately 0.33 g. Also, the oxygen potential of cesium obtained in 0\.1t-
of-pile experiments is higher than that encountered under reactor operating
conditions. Furthermore, the quantity of volatile fission products present
at the fuel-cladding interface may depend upon the initial fuel properties
such as fuel density. It has been reported* that low-density mixed-oxide
fuels contain 10 times as much cesium and molybdenum in the outer zone
adjacent to the cladding than the high-density fuel operated at comparable
power densities.

The postirradiation examination of fuel elements at ANL has
established the presence of both cesium and molybdenum at the fuel-cladding
interface and in the grain boundaries of the cladding. The X-ray intensity
ratios of molybdenum to cesium have been measured in several regions of
fuel element C-11, which was irradiated at a peak linear power rating of
117 kW/ft to 10.9 at. % burnup. The results show that the relative compo -
sition of cesium and molybdenum in the phases at the fuel-cladding interface
and in the Type 316L stainless steel grain boundaries varied from almost
pure cesium oxide to almost pure molybdenum oxide. Two preliminary
corrosion tests made on Type 316 stainless steel cladding (20% cold-
worked), one exposed to MoO; and another exposed to Cs,0-50 wt % MoO;
for 120 hr at 690°C, have revealed different types of cladding attack. The
type of cladding attack by Cs,0-50 wt % MoO; was both uniform and inter-
granular, similar to that observed in some irradiated fuel elements. The
rate of attack in both cases was less severe than the attack caused by
Cs,0 alone. The effect of fission-product composition, temperature, and
oxygen partial pressure, as well as the influence of iodine and tellurium
on the reaction rate and mechanisms, are being investigated in greater
detail.

Precipitation reactions occur in austenitic stainless steel
(Types 304 and 316) at normal cladding operating temperatures, and the
steel becomes sensitized with time. The grain-boundary phases in Type 304
stainless steel (EBR-II grade) annealed at 690°C for 72 hr, with and without
exposure to Cs,0, have been investigated by using scanning electron micros-
cop).f and energy-dispersive X-ray analysis to establish the possible roles
o.f s composition, and morphology of the precipitates in influencing the
flss1<?n~product-cladding reactions. A typical scanning electron micrograph
of unirradiated Type 304 stainless steel cladding aged at 690°C for 72 hr
[see Fig. V.10(a)] shows the size and distribution of intergranular precipi-
ta.tes. The X-ray analysis of a number of grain-boundary precipitates
YIEI(.ied an average X-ray intensity ratio of Cr/Fe = 1.1, compared with
0.6 in .the me%trix, indicating that the grain-boundary precipitates are
;:.hromlum-nch. When the same cladding was exposed to Cs,0 for the same
ime and t.emperature, intergranular attack occurred. The X -ray analysis
of the grain-boundary corrosion product that contained cesium yielded a

*
C. E. Johnson and C. E. Crouth

B, amel, Fuel- ions in Mi i
Soc. 14(1), 173 (1971). el, Fuel-Clad Interactions in Mixed-oxide UO2-PuOg Fuel, Trans. Am. Nucl.
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Cr/Fe intensity ratio of 1.0, compared with 0.5 in the adjacent matrix.
Thus, there appears to be some chromium depletion both in the penetrated
grain-boundary region and the adjacent cladding matrix following attack by
Cs,0. Such chromium depletion could result, for example, from the oxida-
tion of chromium to chromium oxide both in the cladding matrix and the
austenitic grain boundaries.

(a) Type 304 Stainless Steel (b) 20% Cold-worked Type 316 Stainless
Aged at 690°C for 72 hr Steel Aged at 690°C for 120 hr

Fig. V.10. Scanning Electron Micrographs of Precipitates in Austenitic Stainless
Steel. Mag. 2000X. Neg. Nos. MSD-55074 and MSD-55079,

In 20% cold-worked Type 316 stainless steel cladding annealed
at 690°C for 120 hr, the precipitation is intergranular, but it also occurs
along twin boundaries [see Fig. V.10(b)]. TFhe intergranular precipitates
in Type 316 stainless steel are smaller than those in Type 304 stainless
steel. Analysis of a few precipitates revealed the presence of molybdenum-
rich phases. Whether one can relate the less rapid attack of Type 316 by
Cs,0 (compared with Type 304) to the difference in composition is not yet
known, based on this preliminary study. However, further work should be
useful in understanding the interrelationships between the size, composition
and morphology of various precipitate phases and the fission-product-
cladding interactions.

)

c. Experimental Studies of Swelling Mechanisms. S. R. Pati and
H. C. Stevens* (Last reported: ANL-7825, p. 5.31)

(1) Re-solution of Gaseous Fission Products in Oxide Fuels.
UO, specimens with three enrichments will be irradiated in CP-5 at fission
rates of 10'3, 5 x 10'3, and 10 fissions/cm? sec, at 200, 600, 1000, and
1500°C. Specimens will be irradiated to four burnups to determine the
effect of burnup on the kinetic solubility of gaseous fission products.

*Engineeting and Technology Division.
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An irradiation capsule has been designed to study the above
variables with a minimum number of in-pile experiments. The principal
features of the capsule (shown in Fig. V.11) are: (1) The capsule design
allows approximately uniform temperatures to be maintained in specimens
that have an order-of-magnitude variation in fission rate, and (2) the capsule
can accommodate multiple specimens of each enrichment for irradiation to
different burnups. Specimens reaching the target burnup can be removed
without changing the position of the other specimens in the reactor. Thus,
the effects of irradiation temperature, burnup, and fission rate can be in-
vestigated using only four capsules, each of which is designed to operate
at a fixed temperature.

The external appearance of the four irradiation capsules
will be identical. The capsule consists of an outer aluminum tube that
occupies the same volume and position in the reactor vessel as the D,0
thimble used in reactor positions VT-18 and VT-19. Thus no major re-
visions are necessary in the reactor design to accommodate the capsule.

As shown in Fig. V.11, the capsule has three major internal
components: an insulated TZM* heat distributor that positions the specimen
containers; a Zircaloy intermediate tube that separates the gas heat-transfer
systems; and the three clustered guide tubes that provide access to the
specimen capsule positions and the top of the reactor. The UO, specimens
are contained in an externally threaded TZM container having an outside
diameter of 7/16 in. Specimens are fitted closely in the container by
properly designed molybdenum shims that allow conduction of heat to the
container wall. The container is threaded into the heat distributor, which
provides intimate contact for efficient heat transfer to the distributor.
During irradiation, specimens reaching target burnups may be removed
and replaced with dummy specimens to provide adequate fission heat for
maintaining irradiation temperature. Removal of a specimen requires un-
screwing of the specimen container from the threaded heat distributor and
withdrawal into a shielded container at the top of the reactor.

Instrumentation for the capsule consists of six permanent
Chromel-Alumel or tungsten-rhenium thermocouples located in the heat
distributor, one replaceable thermocouple located on a specimen capsule,
and two neutron detectors located adjacent to the outer aluminum wall. In
addition, two tubes, which are used for admitting gas, extend into the bottom
of the inner and outer gas chambers. Twelve specimen containers comprise
the starting load for each irradiation experiment. Heat generated by fuel

jcmd gamma heating is used to maintain the internal temperature of the
irradiation rig.

a5 .Approximately 2100 W are produced in the UO, specimens,
gamma heating adds about 400 W for a total of approximately 2500 W of

*
Molybdenum alloy with a nominal composition of 0.5 wt % Ti-0.08 wt % Zr.
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Fig. V.11. Irradiation Capsule for the Study of Re-solution of Gaseous Fission Products. Neg. No. MSD-55169.
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heat per capsule. Most of this energy is generated in the TZM he.a.t disi-
tributor that contains the samples. This heat passes across a helium gas
gap, through the Zircaloy tube wall, across a helium-nitrogen gas gap,
through the aluminum thimble, and then into the reactor D,0O system by
means of natural convection. The temperatures at the various surfaces
of the tubes have been determined by the two -dimensional "GENTEM"
heat-transfer code, which was written specifically for the temperature
calculations of this capsule. These calculations have shown that the
outside -wall temperature will be near the boiling point of D,O. A mockup
experiment was performed to determine whether boiling occurs in the D,;0;
preliminary results indicate that boiling will not occur.

The heat-transfer calculations performed to predict the
temperatures at various points in the heat distributor have shown that,
in spite of differences in specimen fission rates by a factor of 10, the
temperatures do not vary by more than 2%, even at 1500°C. Heat-transfer
calculations have also been performed to determine whether different
irradiation temperatures can bhe obtained by varying only the barriers to
heat flow, since the fission heat load in each irradiation capsule is the
same. These calculations indicate that the 600, 1000, and 1500°C irra-
diations can be performed by varying the width of the gas gaps and the
composition of the gas mixture used to control thermal conductivity. How-
ever, the irradiation capsule that will be used at 200°C will require no
gas gap. :

Mockup testing of various components is in progress to
evaluate the feasibility of various design concepts. One of the critical
design features is the specimen removal and replacement capability. Bench
tests performed to evaluate whether galling will occur between the specimen
container and the heat distributor have shown that TZM male and female
threads do not gall, even at 1500°C after 24 hr in a helium atmosphere.
Longer tests are planned to evaluate galling characteristics. A full-scale
electrically heated mockup of the irradiation capsules has been fabricated
and is being tested to confirm the heat-transfer calculations.

2. Oxide Fuel Studies (02-005)

a. Fuel-swelling Studies. L. C. Michels (Last reported:
ANL-7845, p. 5.26)

Grain-boundary migration rates and other factors relating to
fuel re.structuring and fission-gas redistribution in the columnar region
of a mixed-oxide fuel element have been assessed using optical metallogra-
phy.. The metallographic sections examined were taken from the bottom
pOI:tlon of mixed-oxide fuel element HOV-15 that was irradiated in EBR-II.
This le(lement ope.rated for most of its life in a partially molten condition at
a peak power rating of 21.4 kW/ft, but was operated at a peak power rating



of only 14.2 kW/ft for 29.75 hr at the end of the irradiation period. During
the latter period, the fuel in the central portion of the element partially
restructured.

Grain-boundary migration of some of the existing boundaries
occurred toward the fuel centerline and also sidewise. The boundaries
thatomigrated toward the fuel centerline moved with velocities of at least
65 A/sec (562 p/day) to 136 A/sec (1175 ;1 /day), in spite of the fact that
the boundaries were dragging fission-gas bubbles. These rates are five
to ten times the migration rates previously measured for gas bubbles (see
ANL-7825, p. 5.38). Sidewise migration of radial boundaries also appeared
to be quite rapid, but was limited by competition with adjacent migrating
boundaries. The rapid migration rates observed here, in addition to evi-
dence for boundary migration found in specimens from other fuel elements
(see ANL-7669, p. 112), indicate that boundary migration in the columnar-
grain-growth and transition regions of operating fuel elements is a con-
tinually recurring phenomenon.

There appear to be two possible mechanisms whereby fission
gas is collected on radial boundaries in the columnar-grain-growth region.
First, radial columnar bondaries migrating sidewise collect fission-gas
bubbles. Second, boundaries migrating toward the fuel centerline collect
fission-gas bubbles that are carried along with the boundaries. With con-
tinued boundary migration, the bubbles move off to the sides and are left
in the radial boundaries. The sweeping and redistribution of fission gas
into grain boundaries is consistent with the observation, using replica
electron fractography, thatmost of the fission-gas bubbles present in the
columnar-grain-growth region reside on grain boundaries (see ANL-7798,
p. 68).

Conclusions related to fuels performance and fuel-element
modeling are: (1) Formation of the columnar-grain-growth region during
initial fuel restructuring can occur in a short time (1%-3 days), assuming
a typical maximum boundary migration distance of 0.060 in. (2) When the
as-fabricated porosity in an oxide pellet is closed and contains insoluble
gas, the kinetics of the formation of the columnar-grain-growth region
during initial fuel restructuring are dependent more on boundary-migration
processes than on gas-bubble migration. If the porosity is open, the
kinetics are dependent on the migration of lenticular-shape voids. (3) Initial
fuel restructuring does not move all the as-fabricated porosity in the co-
lumnar region to the center of the fuel, but rather redistributes a large
fraction of it into the radial boundaries formed during the restructuring.

(4) It seems likely that boundary formation and migration, toward the fuel
center and also sidewise, in the columnar region of the fuel occur on a
continuing basis throughout the lifetime of the fuel element. As a result,
almost all the fission gas generated in the columnar region is swept into

the radial columnar boundaries, from which it can be released to the central
void.



b. Fuel-element Performance. L. A. Neimark, W. F. Murphy,
and E. M. Butler (Last reported: ANL-7833, p. 5.13)

(1) Group O-3, Void Deployment. Microprobe analysis of the
matrix reaction layer found in the Type 304H stainless steel cladding of
Element SOPC-3 confirmed that this layer was the result of oxidation of
the cladding by the fuel (see ANL-7833). The analysis showed that the
layer contained oxygen, with the highest content in the cladding adjacent
to the fuel and then tapering to a minimum at the inner edge of the layer.
The chromium within the layer was partitioned between two phases, with
the higher content in the darker phase, which gave the layer its dark ap-
pearance. The chromium was depleted immediately adjacent to the fuel.
The layer contained less than 1% cesium uniformly distributed.

Microprobe analysis of what appeared to be a vapor-
deposited layer of fuel on the inside diameter of the cladding of SOVG-17
(see ANL-7833) indicated that the layer had the same uranium and plutonium
content as adjacent fuel spheres. This result precludes the idea of a vapor-
deposited uranium-rich layer that may have protected the cladding. The
small metallic particles in this layer proved to be iron-nickel.

A fourth element (SOV-15) in this group has been examined.
This element contained vibratorily compacted Dynapak powder in 20-mil -
thick Type 304H stainless steel cladding (compared with 15-mil cladding
in the other Group O-3 elements). The maximum cladding diameter change
was 0.2% AD/D, but, as in the other Group O-3 elements, there was no
distinct region of peak diameter increase. Rather, there was a general in-
crease in diameter over the bottom half of the element. The maximum
calculated cladding temperature was 610°C toward the top of the fuel column
which would correlate with the peak cladding -swelling region being below
this temperature in the bottom half of the element. Fission-gas release
from the element was 75.8% of the total generated, based on a calculated
peak burnup of 3.4 at. % and a gas yield of 24.6%. This release is somewhat
higher than that from the other elements in Group O-3: SOPC-1, 68.6%;
SOPC-3, 62.6%; SOPC-5, 55.5%; and SOVG-17, 59.5%. Also, the xenon/
krypton ratio in SOV-15 was 6.99, compared with an average of 6.58 for
the pellet elements and 6.61 for the sol-gel element.

)

The metallographic examination of SOV-15 revealed neither
matrix nor intergranular attack of the Type 304H stainless steel cladding.
At the midplane of the element, where fuel temperatures were the hottest,
what appeared to be a vapor -deposited layer of fuel was adhering tightly
to th-e inside diameter of the cladding. A few small rivulets of metallic
particles from the cladding protruded‘into this fuel layer, as shown in
F1g.‘V.12. Thus, the Dynapak fuel behaved similarly to the sol-gel spherical
particles. The metallography also showed that, in at least two locations
at the top of the fuel column in what was generally the equiaxed grain-growth
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region next to the cladding, extensive localized columnar grain growth
occurred, as shown in Fig. V.13. The reason for this is not readily appar-
ent, although its form is similar to that of a healed crack, also shown in
Fig. V.13. A porous agglomerate of fuel and metallic fission products was
found at the base of the central void, indicating significant inward migration
of fission products during this burnup period.

Fig. V.12. Fuel-Cladding Interface at Midplane of Fig. V.13. Fuel-Cladding Interface in SOV-15,
SOV-15, Showing Absence of Attack Showing Localized Columnar Grain
within Cladding. Note minor protru- Growth and at Least One Healed
sions of metallic particles into the fuel. Crack. Mag. 60X. Neg.

Mag. 450X. Neg. No. MSD-161382. No. MSD-161386.

The 13 ANL Group O-3 and the five NUMEC Group B
mixed-oxide fuel elements being irradiated in EBR-II Subassembly X113
have accumulated an additional 1 at. % burnup. The peak burnup for
Group O-3 is now ~4.5 at. %, and for the NUMEC Group B it is ~10.7 at. %.

D. Core Materials Applications

1. Core Design Technology

a. Empirical Assessment of Swelling and Creep Correlations.
P. R. Huebotter and T. R. Bump, Program Coordination (Last
reported: ANL-7833, p. 5.20)

Contemporary LMFBR core design requires reliable expressions
for fast-neutron-induced swelling and radiation-enhanced creep of stainless
steel, as well as an understanding of integral swelling-creep effects on core
structural components. Existing correlations involve considerable un-
certainty and are based on controlled experiments to a fluence that is a
small fraction of FTR and LMFBR Demonstration Plant targets.

Core components removed from EBR-II, at fluences now ap-
proaching these targets, exhibit deformations that are attributable to a
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combination of swelling and creep. These deformations are being analyzed
to ascertain the reliability of existing swelling and creep correlations and

to gain further insight into the response of stainless steel, in typical core
structural applications, to the LMFBR environment. The EBR-II Project
provides the neutron fluxes, temperatures, and nondestructive measurements
employed in the analyses. Destructive measurements are obtained from
EBR-II and other projects within ANL and from other participating United

States laboratories.

(1) Fuel-element Bow (T.R. Bump). To test the sensitivity
of CRASIB* calculations to the creep correlation employed, a calculation
was repeated using one-fifth as much creep as before. The calculation
considered fuel element ANL-025 in Assembly X040A, with modified tem-
perature distribution (see ANL-7825, p. 5.40). The creep reduction had
almost no effect on the calculated transverse displacements. An inspection
of the computer output indicated that the maximum cladding strain was
almost entirely due to swelling. These findings suggested that the excessive
calculated displacements obtained from using the reference temperatures
(high gradient across peripheral elements) might be due to excessive cal-
culated creep, rather than to excessive temperature gradient.

Accordingly, displacements were calculated for a number
of elements from both Assemblies X040A and X054, using the GROW code
that considers swelling** only. Reference temperatures were used
throughout. Table V.3 compares measured and calculated bows. As can
be seen, the agreement is quite good for Assembly X040A, and fairly good
for the X054 elements toward the core vertical centerline. However, the
agreement deteriorates for the X054 elements away from the core center-
line, particularly in the case of the second-row-in element. (Note that the
calculated concave bow of elements away from the core centerline is due
to temperatures above the temperature of peak swelling; the hot cladding
is swelling less than the cold cladding, according to the calculations.)
Actually the results and other fuel-element-bow data suggest that significant
creep may have occurred in the X054 elements and not in the X040A ele-
ments, a condition that is hard to explain. Little creep in X040A would
appear to contradict the evidence that considerable creep occurs in wrapper
tubes, both to keep them straight and to cause moat formation near the
spacer pads (see below). The disagreement between the behavior of the
X.04OA and X054 elements indicates that more assemblies should be studied,
simply to determine typical assembly behavior. Only then should extensive
attempts be made to modify temperatures, creep correlations, and swelling
correlations (and possibly even fluxes and restraints) so that the best overall
correlation between calculated and measured bows can be obtained. For
example, the large bows of second-row-in elements away from the core

*.
"w. H. Sutherland and V. B. Watwood, Jr., BNWL-1362 (June 1970).
H. R. Brager et al., WHAN-FR-16, 11 (Dec 1970).
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centex:line in X054 (i.e., PNL-5-16) contradict behavior, not only of corre-
sponding X040A elements, but also of X051 and X059 elements.

TABLE V.3. Comparison between Measured® and Calculated Fuel-element Bows, Assuming No Creep

Fuel-element Measured Concave® Calculated Concave®

Assembly Fuel-element Fuel-element Orientation, Bow, Bow,
Number Number Row deg' in. in.
X040A ANL-025 Peripheral 0 0.56 0.62
X040A ANL-024 Second-row-in 15 0.38 0.37
X040A GE-B-5 Peripheral 180 0.18 0.14
X040A GE-B-16 Peripheral 165 0.13 0.14

X040A GE-B-2 Second-row-in 180 Small Small
X054 PNL-5-28 Peripheral 15 0.55 0.36
X054 PNL-5-30 Peripheral 15 0.45 0.36
X054 PNL-5-31 Second-row-in 0 0.13 0.11
X054 PNL-5-32 Peripheral Z5 0.45 0.36
X054 PNL-5-19 Peripheral 165 0.47 0.14
X054 PNL-5-17 Peripheral 165 0.36 0.14
X054 PNL-5-16 Second-row-in 180 0.39 -0.04

3R, V. Strain and R. D. Phipps, ANL (EBR-II Project), private communications (Feb and May 1971).
l)0" means on side of assembly toward core vertical centerline; 180° means on side of assembly away from
core vertical centerline.

“With respect to assembly centerline.

d"Bov" is maximum transverse displacement between element centerline and a straight line through the
centers of the cladding ends.

(2) Moat Formation near Spacer Pads (T. R. Bump). Dis-
placement measurements near the spacer Rads of safety-rod thimble 3Al
indicate that once again the distance across the spacer pads remained
essentially unchanged, even though nearby the thimble (equivalent of wrapper
tube) was dilating dramatically. In this case, relative movement between
pad surface and thimble corner, due to creep or some other mechanism,
was about 30 mils.* This thimble had a peak exposure of about 1.7 x 10?* nvt
(total). Since the nominal clearance between assemblies is 30 mils, the
relative movement was approximately sufficient to take the loads off the
pads. This value of relative movement is reasonably consistent with the
12-mil relative movement observed in the Assembly XA08 wrapper tube that
had a total peak fluence of about 8.5 x 10?2 nvt (see ANL-7798, p. 76). The
analysis of the XA08 pad deformations indicated that a pad load of ~60 1b
would be sufficient to produce the deformations; because the deformations
are approximately proportional to both fluence and stress, according to the
creep correlation used, a 60-1b load evidently can also be associated with
the 3A1 deformations.

*R. D. Phipps, ANL (EBR-II Project), private communication (July 1971).
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VDS BUELCY I

A. Molten-metal Decladding of LMFBR Fuels
R. D. Pierce (02-173)

A decladding procedure for fast-reactor fuels is being developed in
which the stainless steel cladding is dissolved in liquid zinc at 800°C. After
removal of the zinc-stainless steel solution from the decladding vessel, the
fuel oxide is reduced to metal by contacting it with a Zn-Mg-Ca reduction
alloy and a salt containing CaCl,. This is followed by distillation, whereby
the reduction alloy is removed and the uranium-plutonium metal is concen-
trated to a form suitable for feeding to an aqueous dissolver,

1. Engineering Development (Last reported: ANL-7845, p. 6.2)

a. Zinc Decladding

An investigation is being made to evaluate the feasibility of using
a simplified zinc-decladding process to prepare long-cooled reactor fuel for
aqueous processing. The objective would be to replace sodiumcleaning, some
fuel-disassembly operations, shearing, and voloxidation with zinc dissolution
of the stainless steel shroud and cladding. One possible application would be
to long-cooled UO,-PuO, fuel from early breeder operations, and current ex-
periments are being performed to evaluate a procedure for such fuel. The
steps in this procedure, which omits the reduction step, are as follows:
(1) the cladding is dissolved in zinc, (2) the bulk of the stainless steel-zinc
solution is poured off at 800°C, and (3) the residual material and fuel oxide
are removed inasecond pour to form ingots for chargingtoanaciddissolver.
No overlying salt layer is included in this pfocess because the presence
of chloride would necessitate modifications in the subsequent aqueous-
processing steps.

Six experiments were performed with no agitation and with mild
agitation of the melt at temperatures between 800 and 890°C. Results show
that some kind of mechanical agitation will be necessary to obtain amelt suf-
ficiently uniform to pour freely from a crucible in which the stainless steel
had been dissolved in zinc.

During these decladding runs under anargon atmosphere at about
15 psig, evaporation of zinc in the absence of a salt cover was not an oper-

ating problem,

2. Process Demonstration Experiments (Lastreported: ANL-7845, p. 6.4)

a. Irradiated-fuel Experiments

Experimental apparatus has been installed in the Chemical Engi-
neering Division's Senior Cave to investigate the reference liquid-zinc, head-end
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process with ~100 g quantities of highly irradiated fuel. Samples from an
earlier run with unirradiated UO, pellets (see ANL-7845) have been analyzed,
Results showed that the decladding step was successful; less than 0.1% of

the uranium was lost to the decladding alloy. Reduction of the UO, pellets
appeared to be complete after 3 hr of agitation (no oxide visible), .but the
uranium content of the reduction alloy reached a steady value, which .was
equivalent to only 83% of the uranium charged. The reduction step will be
repeated to clarify the reasons for this poor material balance.

In an experiment to determine the behavior of active species
formed by irradiation of stainless steel, an irradiated stainless steel rod
was dissolved in zinc under a cover of CaCl,-10 mol % CaF, at 800°C. The
activation products detected in significant amounts in the rod and the liquid-
metal solution were ®°Co and **Mn. About 30% of the manganese transferred
to the salt phase (probably as MnCl,), and 0.1 to 1% was volatilized from the
melt, The oxidation of manganese is thought to have been caused by an oxi-
dizing impurity in the salt used in this experiment. No measurable amounts
of cobalt were found in the salt or in the off-gas trap.

B. LMFBR Reprocessing--Plutonium Isolation
A. A, Jonke (02-159)

1. Plutonium Valence Adjustment. M. J. Steindler (Last reported:
ANL-7833, p. 6.3)

The adjustment of plutonium valence in high-plutonium solutions during
the plutonium isolation (and partitioning) steps of the Purex process by an
on-streamelectrolytic method is being assessed. An electrolytic method for
adjusting plutonium valence would be a substitute for chemical methods,
Disadvantages of the chemical methods include the need to dispose of large
quantities of high-level wastes owing to the large amount of chemical reduc-
tant required. Expected advantages of electrolytic reduction are process
stability, safety, and economy.

Our current design concept for an electrolytic cell consists of an
anode and a cathode in individual compartments, separated by a diaphragm
that is permeable to ions but prevents mixing of bulk liquids in the two com-
partments. The cathode has the configuration of stacks of wire-mesh screen,

The cell design and process parameters that affect the magnitude of
the electric current, and thus the reduction rate, in a continuous-electrolysis
cell have been identified,* and a mathematical equation for the reduction rate
1.’135 been developed. Basically, the rate of an electrolytic reduction is lim-
ited by the rate at which ions can be transported from the solution to the

*D. S. Webster et al Chemical Engi i ivisi
et al., gineering Division Fuel Cycle Technology Quarterly Report:
February, March 1971, ANL-7799 (July 1971). - = YR Al




electrode surface. For a one-square-centimeter area of the electrode, the
rate is equal to the mass-transport coefficient, k. For flowing media,

(1-n)ym
L ACDJ.k A%

i
NF = (i-m) (m-n) (1)

k

where
k = mass-transport coefficient, mol/(sec)(cmz),
iL = limiting current density, A/cmz,
N = electrical equivalents per mole of ions,
F = Faraday constant, A—sec/equiv,
c = concentration, mol/cm3,
Djk = diffusion coefficient, cmz/sec,
V = linear flow velocity, cm/sec,
L = characteristic electrode dimension, cm,
and

v = kinematic viscosity of electrolyte, cmz/sec.

The value for the constant n is taken as 0.33, which is the coefficient
of the Schmidt number (V/D'k) derived from mass-transfer results. The
constant A depends on the electrode geometry, whereas the constant m is
the exponent of the Reynolds number (LV/‘U)‘ in mass-transfer correlations;
both constants must be determined experimentally for any electrode shape
and any given range of flow rates.

Our recent work has been directed toward measuring A and m for
the conceptual wire-screen cathodes in the flow range of 1-20 cm/sec. The
Fe’t + ¢"—= Fe?' reactionhas beenused as a stand-infor the Pu*T + e”= Pu®t
reaction. The system chosen was an equimolar solution of potassium ferri-
cyanide and potassium ferrocyanide in 0.5M sodium hydroxide, because dif-
fusion coefficients and viscosities for this system had been determined
previously by Arvia et al.*

The apparatus used (see ANL-7776, p. 89) measures the limiting cur-
rent density of a wire in a stream of electrolyte, over a range of flow veloci-
ties. The electrolyte is pumped past a gold-wire cathode, and the potential
of the cathode is measured against that of a reference electrode while the
current between the cathode and anode is increased. In separate tests with

*A. J. Arvia, J. C. Bazan, and J. S. W. Carrozza, Electrochim, Acta 13, 81 (1968).

658
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three gold-wire cathodes, the limiting currents and limiting curr‘efxt densities
were determined with the electrolyte at 25°C, nominal flow velocities of
0.45-28.8 cm/sec, and Reynolds numbers (Re) of 1-100. Values of m (the
slopes of log-log plots of limiting current density versus flow veloc_:;ty) were
0.17, 0.19, and 0.24 for wire cathodes having diameters of 1.2 x 1077,

2.4:; 1072, and 4.8 x 10”2 cm, respectively. Limiting current densities for

a 60-mesh (d = 1.8 x 1072 cm) gold-plated wire screen were similarly meas-
ured, and a value of 0.33 was obtained for m.

The limiting currents were expressed as dimens ionless Sherwood
numbers (kL/D-k) and the velocities as Reynolds numbers. In accordance
with usual practice the Sherwood and Reynolds numbers were combined into
the j-factor, which is a simple function of the Reynolds number

j = A Re(m-1), (2)

A plot of log j versus log Re has an intercept equal to A; the value of A
found for thewire screen was 0.86, and that for the wires was 1.3.

To compare our results with results in the literature, our mass-
transfer data were correlated with heat-transfer data obtained at the same
Reynolds numbers. (The j-factors for heat transfer and mass transfer have
been found to agree very well at the same Reynolds numbers.) Plots for
heat transfer to water for 0.1 < Re < 10, obtained by Pirete_t a_l,* correlate
excellently with our wire-screen data.

These results show that Eq. 1 accurately describes the mass trans-
port for the particular electrode geometry tentatively designated for reduc-
tion cells. Although this work was done with ferricyanide and ferrocyanide
solutions rather than plutonium solutions, it was done at the low Reynolds
numbers at which the electrolytic cells will be operated, and the results are
believed applicable from a process standpoint. The time required to reduce
50% of the plutonium in a cell** with a surface-to-volume ratio of 9 and a
linear flow velocity of 2 cm/sec is 5 sec if these values for A and m are
used in the mathematical equations describing the reduction process.

C. LMFBR Fuel Refabrication--Analyses and Continuous Processing
A. A. Jonke and M. J. Steindler (02-158)

The development of in-line nondestructive methods for analysis
of critical fuel properties is necessary to lower the fuel-fabrication costs
for the large number of fuel subassemblies expected to be fabricated
for the LMFBR program. The specifications of UO,-PuO, fuel properties

*E. L. Piret, W. James, and M, Stacy, Ind. Eng. Chem. 39, 1098 (1947).

**D, S. Webster et al Chemical Engi i ivisi
etal, gineering Division Fuel Cycle Technology Quarterly Report: Jan
February, March 1971, ANL-7799 (July 1971) ! o L= =




(and the associated precisions) for the Fast Fuel Test Facility (FFTF) proj-
ects have been selected as the starting criteria for evaluating methods of
analysis. The originally defined specification for core fuel--a plutonium
content that is 20.0 £ 0.1% of the actinide content--imposes a relative pre-
cision of 0.5% on the analysis,

1. Plutonium/Uranium Ratio in Fuel. (Last reported: ANL-7845, p. 6.7)

X-ray fluorescence (XRF) analysis is being developed as an in-line
analytical method for determining the Pu/U ratio in PuO,-UO, fuel mate-
rials during fuel fabrication. Experiments are being done to determine
whether variations in powder properties prevent attainment of the necessary
precision and accuracy. In this work, samples of UO,-ThO, of selected com-
position are being used as stand-ins for UO,-PuO,. Earlier, five XRF
measurements were made on each of four pellets of each of four composi-
tions (ThO,-10 wt % UO,, ThO,-20 wt % UO,, ThO,-30 wt % UO,, and UO,)
to determine, by an analysis of variance, the functional reproducibility of
the XRF measurements (see ANL-7845). Five measurements of each of
three samples of ThO,-30 wt % UO, powder also were made, and an analysis
of variance similar to that for pellets was performed on these results.

It was determined that the variability in the results due to errors
attributable to the XRF method was adequately low. It was observed, how-
ever, that the variability of results obtained in the analysis of ThO,-30 wt %
UO, powder samples of the same nominal composition was larger than the
variability of results for pellets of the same nominal composition.

Currently, the effects of particle size and bulk density on the XRF
signal are being evaluated to determine the precision obtainable for pow-
ders under various conditions. The particle-size distribution of a UO,
powder was determined with an Allen Bradley Sonic Sifter and was found to
be within FFTF specifications; therefore, this powder was considered a
suitable material for measurement of bulk-density and particle-size ef-
fects on XRF signals. In a recently completed series of experiments, sam-
ples of this UO, of narrow particle-size ranges (-10, 10-20, 20-30, and
37-44 ym) were compacted to densities between 24 and 36% of theoretical,
and their fluorescence intensities were measured. Two trends were ob-
served: (1) XRF intensity increased with decreasing particle size, and
(2) XRF intensity increased with increasing bulk density. Further eval-
uation of the effects of particle size and bulk density on the analytical pre-
cision is in progress to determine if XRF measurements on powders are
applicable for routine, in-line use.

6.5
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VII. REACTOR PHYSICS

A. ZPR Fast Critical Experiments

1. Fast Critical Facilities; Experiments and Evaluation--Illinois.
C. E. Till (02-179)

a. Clean Critical Experiments. R. A. Lewis (Last reported:
ANL-7845, p. 7.1)

(1) Control-rod Experiments in Assembly 7: Control-rod
Reactivity Worths and Reaction-rate Distributions in the Vicinity of the
Control Rod (J. F. Meyer, E. M. Bohn, and W. R. Robinson). A series of
control-rod experiments has begun in ZPR-6 Assembly 7.* The measure-
ments have been planned to completely characterize the effect of a single,
simulated- LMFBR-type, B,C control-rod assembly on the important phys-
ics parameters of the core. The initial set of experiments, control-rod
reactivity worths, and reaction-rate distributions in the vicinity of the con-
trol rod has been completed. Four configurations of the control-rod assem-
bly were loaded at the center of Assembly 7 with the High-240 plutonium
zone (see ANL-7833, p. 7.1). They were:

1. A simulated control rod consisting of a single ZPR-6
drawer containing 63 wt % sodium canned in stainless steel and 37 wt %
B4C (natural boron); the control rod extends completely through the core
axially.

2 Tlie ‘controlirad descril‘)ed in configuration 1 sur-
rounded by BeO.

3. A sodium channel of the same dimensions as the
control rod in configuration 1.

4. The sodium channel described in configuration 3
surrounded by BeO.

Configurations 1 and 2 represent "control in" geometry, and configura-
tions 3 and 4 represent "control out" geometry.

Figures VII.1 and VIIL.2 show the B,C control-rod and the
B,C-BeO control-rod configurations, respectively, as they were loaded at
the center of the core. The sodium channel would appear the same as the
B,C control rod in Fig. VII.1 with the B,C replaced with sodium. Similarly,
the sodium-BeO configuration is the same as the B,C-BeO control rod in
Fig. VII.2 with the B,C replaced with sodium. Table VII.1 lists the homo-
geneous compositions of the various configurations.

*E. M. Bohn, L. G. LeSage, R. A. Lewis, and C. E. Till, ANL internal memorandum (July 1970).
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B4C Control Rod at Center of HPu Zone in
ZPR-6 Assembly 7. (Axially the rod ex-
tends 220.68 cm through the entire core--
152.4 cm through the Pu/U/Mo core and
68.28 cm through two depleted-uranium
axial reflectors.)

TABLE VII.1l. Homogeneous Compositions in Simulated
Control-rod-configuration Regions?

b
Atoms/cc x 10724

Isotope Na Channel B,C-Na Channel BeO Ring
Na 1,797 x 1072 1.015 x 1072 -

10g - 3.800 x 10”3 -

ELp - 1.42 x 1072 =

(- - 4.76 x 1073 -

Be - - 5.32 x 1072
169 - - 5.32 x 1072
Fe 9.54 x 1073 1.03 x 1072 6.67 x 1073
NL 1.46 x 1073 1.36 % 107° 8.04 x 107
cr 3.19 x 1073 2,90 x 1073 1.86 x 1073
Mn 1,90 x 107 25108 TORY 1x35x 107"

3The Na channel and ByC-Na channel occupy one drawer in
the matrix (i.e., one unit-cell in volume). See

Figs. VII.1 and VII.2. The area of one drawer (includ-
ing matrix) is 30.5201 cm?. Thus, when the control-rod
channel is loaded at the center of the core, its effec-
tive circular radius is 3.117 cm. The BeO loaded in the
drawers around the control-rod channel (see Fig. VII.2)
occupies an annular volume around the control-rod chan-
nel with inner radius 3.117 cm and outer radius 4.448 cm.
The concentrations for each configuration include the
bSS 304 contributions from the drawer and matrix.

The atom densities are precise (20 confidence) to the
number of digits indicated.

B4C Control Rod Surrounded by BeO Loaded at
Center of HPu Zone in ZPR-6 Assembly 7.
(Axially the rod and the BeO annulus extend
220.68 cm through the entire core.)



The worth of each configuration was determined by meas-
uring the change in excess reactivity of the core or the subcriticality of the
core as each configuration was loaded in the core. Subcriticality was meas-
ured using four methods: inverse kinetics,* multiplication, noise cross-
correlation,** and rod-drop flux profile analysis.! The control-rod worths
are summarized in Table VII.2. The BeO annulus enhances the worth of the
B4C control rod. This result is due primarily to the softening of the spec-
trum by the BeO in the vicinity of the control rod.

TABLE VII.2. Measured Reactivity Worths of the Simulated B,C
Control Configurations in ZPR-6 Assembly 7

Worth Versus

Worth Versus  Worth Versus Fuel
Experimental Void Channel,b Na Cham\el,b Drawer,
Configuration Method? Ih Th Ih
B4C Rod Drop: Inverse Kinetics -440.1 * 13.5 =444.4 *+11.9 -577.9 * 12,7
Rod Drop: Flux Profile “441.5 + 3,5
Analysis
Multiplication -435,7 + 7.3 -577,7 + 8.6
Noise -468.2 + 12,8 -610.5 * 13.7
B, C-BeO Rod Drop: Inverse Kinetics -569.0 * 17.3 -573.3 % 16.1 -706.8 * 16.7
Rod Drop: Flux Profile =577.7 % 16.0
Analysis
Multiplication -566.7 + 7.4 -708.7 + 8.7
Noise -627.4 + 11.5 -769.7 * 12.5
Na Rod Drop: Inverse Kinetics +4.3 + 6.3 -133.5 + 4.5
Multiplication -142,0 + 4.6
Noise -142.3 + 4.9
Na-BeO Rod Drop: Inverse Kinetics 23.2 * 7.4 -114.6 + 5.9
Multiplication A -123.1 ¢+ 6.0
Noise ; -123.4 + 6.2
Excess 18.9 + 3.8

3The worth values reported in this table were determined by comparing subcriticality
measurements with other subcriticality ements or measurements. The
experimental method refers to the method of suberiticality measurement.

bThere are 1022 Th per % Ak/k.

*C, E. Cohn, ANL intemal memorandum (Dec 1970).

**C . E. Cohn, Experience with Subcriticality Determination by Noise Techniques in the FTR Engineering-
Mockup Critical Experiment Program, submitted for presentation at the Winter ANS Meeting; Miami Beach,
Florida (Oct 1971).

TE. F. Bennett, ANL internal memorandum (May 1971).
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Radial reaction-rate mappings in the vicinity of each
control-rod configuration were obtained by foil irradiations at the reactor
midplane. %*®U, ?*°U, and ?*’Pu foils were placed between the Fe,0, plate
and the fuel plate in the drawers along column 23 from the edge.of -the con-
trol rod at the core center to the outer boundary of the core. Fission rates
in 2*Pu, 28U, and ?*°U as well as the capture rate of 3%U were mea'sured
and are reported here in Figs. VII.3-VIIL.6 for each of the four configura-

tions. The effect on the reaction-rate distributions of the presence of B,C

and BeO is clearly indicated in these figures.

10 10 T T I
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b. Mockup Critical Experiments. J. W. Daughtry (Last reported:
ANL-7845, p. 7.4)

(1) Radial Reaction-rate Distributions in the FTR Engineering
Mockup Critical (EMC) (A. B. Long). The objective of this experiment was
to measure radial reaction-rate distributions of special interest for the FTR
design. Of primary interest was the power distribution in the reactor. The
measurements were made in a configuration of the Engineering Mockup
Critical (EMC) that simulated approximately the Beginning-of-Life (BOL)
conditions in the FTR.

Radial reaction-rate distributions of #°Pu(n,f), ?*®U(n,f),
and °B(n,a) were measured along a traverse hole located approximately
1.75 in. back from the interface of the two reactor halves and extending
from matrix position S23-21 to S23-39 (see Fig. VIL.7). The traverses
hole had a 1.125-in. diameter.

Fig. VILT

FTR-EMC Core Map for Stationary Half
of ZPR-9. ANL Neg. No. 116-744.

(a) Core Configuration. Figure VII.7 shows the core map
of the front face of ZPR-9 Assembly 27 which is the FTR-EMC. The identi-
fication letters in the figure are defined as follows:

ID--Inner driver SP--Special purpose loop
OD--Outer driver MT--Material test subassembly
RR--Radial reflector SR--Safety rod

OSC--Oscillator CR--Control rod

GP--General purpose loop PSR--Peripheral shim rod

The numbers within the squares identify corresponding
subassemblies in the FTR.

12
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The configuration of the core for the reaction-rate ex-
periment is described below:

2. OSC 203, withdrawn position.

b, GP 20], 403 inserted:

c. SP 415, 625 inserted.

d. MT 401, 507, 413 inserted.

e. SR 304, 308, 312 withdrawn position.

£ CR 506, 514, 522 fully withdrawn.
g. CR 508, 516, 524 fully inserted.
ht PSR 702, 714726 inserted:

i. Autorod mounted in matrix position 23-14.
j. Traverse hole in drawer S23-21-S23-29.

k. At matrix locations S/M16-15 and S/M18-13, front
drawers containing outer-driver and axial-reflector compositions were re-
moved and radial-reflector composition was added.

1. At matrix locations S16-15 and S18-13, back
drawers containing axial-shield composition were removed and reflector-
shield composition was added. At M16-15 and M18-13, back drawers con-
taining core plenum and handling socket compositions were removed and
reflector-shield composition was added.

This experiment was performed in Loading No. 67 of
ZPR-9 Assembly 27. The fissile mass was 531.486 kg of 239py + #*!'Pu and
5.057 kg of °U.

(b) Experimental Technique. The experimental method
used to record and correct the 22’Pu(n,f), >%U(n,f) and °B(n,a) reaction-
rate data was described for a previous experiment (see ANL-7737, pp. 18-19).
The traverse detectors were the same as those used previously. They were
placed at the end of the radial sample-changer tube without any stainless
steel plugs and traversed through the void hole. A reduction in the back-
ground of the !°B spectrum was realized in these measurements by using
an argon-CO, gas in the counter and thus reducing proton recoils.

. The data were recorded in these measurements "on-
line" using the SEL-840 computer and immediately corrected for dead-time
and background. New Ortec Model 486 Amplifier Pulse Height Analyzers
were used giving a more reliable constant dead-time of 1.8 usec per pulse.

°B(n, a) ~ (c) Results. The results of the **Pu(n,f), ***U(n,f), and

iy n,%lreactlon-rate distributions are given in Table VIL.3 and plotted in
gs.. 1.8-VIL.10. The results are only relative. not havine been corrected

for foil mass or reactor power.



TABLE VII.3. Radial Reaction-rate Distributions Measured near
the Core Midplane in the BOL Configuration of the FTR-EMC

Relative Reaction Rates

Position,® Position,?

in. 23%9py(n,f)  !9B(n,a) in. 238y(n,f)
0.00 910.2 * 4,7 854.1 + 4.6 0.00 103 h A+ 1R 15
2.18 B867.6,%+ 13,1 218 98.27 + 1.33
2.22 912.5 * 6.8 2.54 97:17 %£:0.96
4.36 q02.0 * 5.1 846.8 + 14,7 M2 94,33 + 1,40
6.53 872.6 * 4.6 BA@L o+ 813 6.89 89.09 *+ 1.06
871 83058 51 7982 . 9.5 907 800 0 1T
10.89 781,22 *0.n 79 . 8.3 11,25 80.66 * 1,29
13.07 718.6 £ 4.0 ' 669.9 % 4.0 13.43 77.34 + 1,42
15.24 Bb2.1 £.3.2 605 £ 7.3 14,52 73,85 =186
17.42 SOULT DT80 S5BR5E Sl 16 .69 680 80% 1351
19.60 547 .94 4.0 8280 Tady 155 17,78 66.75 & 1,32
21578 513, Bak 2.6 SRR E TR 19.96 615950 £01150)
22.86 517.2 + 3.8 22,14 53.50 + 1,27
23.95 S581.6 * 3.3 B80.3+:35 .7 24,32 8786 £V, 16
25,04 602.8 + 4,1 823.8 + 2.9 26 .49 18.69 * 0.62
26.13 I AL UG Tl 30.85 4,33 + 0,25
2721 55,7 =551 33.03 2.15 0313
28.30 753.4 %+ 4,0 1237.5 % 44,2 35.20 1.06 + 0.07
29.40 1136.0 + 2.3 37.38 0.56 + 0.03
30.48 BOL:ls = k.1, v100).9:* 5108 39.56 0.48 + 0.08
32.66 B3O, Tt 2,9 B7569 =i 25b

34,84 224,1 + 2,0 366.4 + 2.8

37.02 3L (108 s A LRt

3Radial distance along Row 23 from the axis of the assembly, which
is at the center of matrix tube 23-23.
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2. Fast Critical Facilities; Experiments and Evaluation--Idaho.
W. G. Davey (02-181)

a. Coolant-reactivity Experiments. P. 1. Amundson (Not
previously reported)

(1) FTR-requested Sodium Worth Measurements in ZPPR-2
(J. C. Young and A. L. Hess). The sodium-voiding experiments in support
of Phase C of the FTR program have been completed in both the pin and
plate central inner-core environment.*

The purpose of these experiments is to provide informa-
tion to enable the designer to make corrections (if necessary) to the basic
data obtained in the plate-type critical to make it correspond to the partic-
ular pin geometry of the FTR. In the absence of pins of composition and
geometry identical to that of the FTR, the approach adopted was a program
of measurements to isolate the effects of the two local geometries (pin and
plate) with as few complicating differences as possible.

The sodium-voiding experiments in the pin and plate geom-
etries, which were carefully matched as to composition, were specifically
directed toward obtaining data to be used to test calculations of the central
void effect, a decrease in the uncertainty of which will aid in the safe,
economic final FTR core design.

For the measurements in the platelet configuration, the
cen.tral region of the core was progressively voided of sodium to a depth of
12 in. in each half until a central zone consisting of 93 matrices was voided.
Th.e worth of each zone was determined from the critical rod positions re-
quxrgd to achieve the same power level in the reference and voided zones.
Preliminary results of these measurements have been reported in ANL-7825
(p. 7.13) andin a January 20,1971 ANL internal memorandumby R. E. Kaiser
(p. 27). These results have been refined and are given in Table VII.4.

*W. G. Davey and C. E. Till, ANL internal memorandum (Feb 10, 1970).
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TABLE VII.4. FTR Sodium-void Measurements in ZPPR Assembly 2

Void Sodium Removed (kg) Total Worth (Ih) Specific Worth (Ih/kg)
Length Platelet Pin Platelet Pin Platelet Pin
Zone (in.) Config. Config. Config. Config. Config. Config.
Central Matrix =.6:t0/0" 0.165 0.165 0.840 + 0.090 | 0.815 + 0.054 5.11° = 0.54 [ 494"+ 0.33
=12 ta 0 e 0.330 e 1.066 * 0.050 i 3.23 £ 0.15
~-18 to 0 = 0.495 = 0.668 *+ 0.059 T 185828012
=128 Eot 127 0.660 D 2.5 £ 0.8 =N PR IR0 =
9 Matrices (3x3) -6 to+6 2.971 - - 14.6 + 0.8 - - 4.9 * 0.3 - -
=12 to +12 5.942 5.943 17.0 £ 0.8 19.4 + 0.8 295521000 333 R0, 1
-18 to +18 = 8.911 = 14.0 + 0.8 = 1.6 % 0.1
21 Matrices (5x5 wem)@| -12 to +12 13.866 13.876 45.4 + 0.8 46.3 + 0.8 3.27 £ 0.06 3.33 £ 0.06
45 Matrices (7x7 wem) | =12 to +12 29.714 29.710 95.2 £ 0.8 98.4 + 0.8 3.20 £ 0.03 331 =805 03
61 Matrices (9x9 wem) | -12 to +12 A 40.280 e 13771 £10.8 = 3.4 *0.02
69 Matrices (9x9 wcm) | -12 to +12 45.562 45.560 147.0 * 0.8 154.1 £ 0.8 3.23 £ 0.02 3.38 £ 0.02
93 Matrices =12 to 412 61.410 = 198.1 + 0.8 S 3.23 % 0:01 S

3wem = with corners missing.

Following the substitution of pin calandria for plate drawers
in the central 69-matrix zone, corresponding sodium-void measurements
were made in the pin configuration. Again the voiding proceeded in steps
until a 69-matrix zone was voided to a depth of 12 in. in each reactor half.
The construction of a 93-matrix pin zone was not possible, due to the limited
amount of calandria available at the time of the pin experiments. For the
single-matrix and nine-matrix zones, additional measurements were made
for voids axially extending 6 and 18 in. into each half. With the exception of
the single-matrix zone, the worths of the voided zones were determined from
comparison of critical rod positions, as was done for the measurements in
the platelet configuration. For the worth measurements in the single-matrix
zone, an experimental drive was employed to oscillate the calandria in ma-
trix position 237-37, and the worths were obtained by inverse-kinetics meth-
ods. The worths of the voided zones in the pin configuration are also given
in Table VII.4.

Figures VII.11 and VII.12 show the 69- and 93-matrix-
position void zones superimposed on the Half 1 loading diagram of Load-
ing 90, the reference core for ZPPR Assembly 2.

The following modifications to Loading 90 were made for the
references for the major sodium-voiding experiments: In the plate configu-
ration, radial blanket was substituted for core material in matrix posi-
tions 126-49 and 226-49 for both zone sizes. For the pin sodium-voiding
experiments, which were done only in the 69-matrix-position case, the con-
trol rod shown at 141-39 was relocated to 144-43 and core material was
substituted for radial blanket material in matrix positions 123-29, 123-45,
151-45, 148-49, and the corresponding positions in Half 2.

A possible alternative to zone-voiding measurements that
has been considered involves integration of perturbation-sample traverse



measurements. To compare the two methods, a correlation was made of
sodium worths in the FTR voiding configurations in the plate core with zone
sodium worths derived by integration of worth profiles previously obtained
by traversing a small sodium sample. Four radial traverses were run
through penetrations at the axial locations of 3, 11, 14, and 22 in. from the
midplane. The centerline worths from these measurements gave a four-
point axial traverse. An overall axial-worth profile was adapted to the
four axial points based on the shape of the axial-worth distribution given
by a perturbation-theory calculation (using 2-D diffusion theory in R-Z
geometry). The radial profiles in the region of interest (to 11-in. radius)
were much less critical, decreasing at most by about 10% from the center-

line values.

Using the assumed experimental axial-worth profile and
smoothed curves from the radial-worth traverses, a sodium-worth mapping
was established. This map was then used to calculate worths of sodium in
6-in. axial lengths in each of the matrix positions involved in the FTR
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Table VII.5 compares the results of the worth integra-

tions for the various zone sizes with corresponding results of the directvoid-
ing experiments.

TABLE VII.S5.

Comparison of FTR Voiding Experiments in Plate Core
with Voiding Worths Derived from Small-sample Traverses

Zone Voiding Specific Worth, Ih/kg
Plate Measured Worth by for Na replaced by Void

Voided Void Sodium Zone Integration Average

Zone Length Removed, Voiding of Traverse Zone From

Size (in.) kg Worth, Th Worths, Ih Voiding Traverses
Central Matrix -6to0 0.165 0.84 £ 0.09 0.74 * 0.03 5.11 + 0.54 4.48 * 0.20
=12 to +12 0.660 2.5 +£0.8 2,09 2 0.13 3.8 1.2 3.17 £ 0.20
9 Matrices (3x3) = 6 to+ 6 2,971 14.6 0.8 13.25 * 0.59 4.9 £ 0.3 4.46 * 0.20
=12 to +12 5.942 17.0 * 0.8 18.8 = 1.2 2.9 £ 0.1 3.16 *+ 0.20
21 Matrices (5x5 wam)®| -12 to +12 13.866 45.4 +0.8 43.6- ¢ 2.8 3.27 £ 0.06 |3.14 * 0.20
45 Matrices (7x7 wem) [ =12 to +12 29.714 95.2 % 0.8 92.3 5.8 3,20 £ 0.03 |3.11 + 0.20
69 Matrices (9x9 wem) [ =12 to +12 45.562 147.0 = 0.8 139.5 ¢+ 8.8 3.22 £ 0.02 |3.06 * 0.20
93 Matrices =12 to +12 61.410 198.1 + 0.8 L85 it 12 3.23 £ 0,01 |3.01 +0.20




The two methods of obtaining zone-voiding worths are seen
to agree within the assigned errors, which might be fortuitous, considering
the change in spectra incurred in the successive voiding stages as com-
pared to the constant spectra that would exist in the small-sample perturba-
tion experiments. The comparison thus suggests that t%le travTerse data can
be integrated to provide zone-voiding worths (for restricted-size zones),
provided that the accuracy (a relatively constant percentage based on the
precision of central perturbation worths) is acceptable and that the second-
order effects (spectrum changes) are considered unimportant. Although the
zone and integrated perturbation measurements agree within quoted errors,
a definite shape is observed in the integrated perturbation data (within the
absolute errors of the measurement). This implies that the relative shapes
are better than the error limits would imply, and that the zone-voiding
measurements showing a constant worth with increasing radius should be
used with caution relative to generation of radial differential-worth
distributions.

b. Heterogeneity Measurements. P.I. Amundson (Not previously
reported)

(1) Central-zone Plate/Pin Heterogeneity Measurements in
ZPPR Assembly 2 (W. K. Lehto and W. P. Keeney). The measured central-
zone heterogeneity effects of a pin- for plate-zone substitution was previ-
ously reported (see ANL-7845, p. 7.9) to be -76.1 Ih. Corrections for the
compositional mismatch, inherent in the matching procedure, have been
made. As reported, the substitution was done in steps which resulted in
four intermediate zones for which corrected data are available. These
zones are the central 21-, 41-, 61-, and 69-matrix locations.

Corrections were made for the compositional mismatch in
the stainless steel constituents, 23‘;U, and in the fissile plutonium content
due to *!'Py decay. Since the **’Pu content was essentially exactly matched,
the corrections reported for fissile plutonium are those due to ?*!Pu mis-
match. Furthermore, no mismatch in sodium or oxygen was recognized,
because of the exacting matching procedure. A small imbalance between
the plate and pin drawers exists in the oxygen content in the first 6 in. of
the axial blanket and has been ignored because of its negligible reactivity
effect. The full-zone average number densities are listed in Table VII.6.

: The matching was done on a three-subzone-per-drawer
basis for each half of the core. These zones were the first 12 in. of inner
core, the next 6 in. of inner core, and the first 6 in. of axial blanket. This
resulted in 126, 246, 366, and 414 matching subzones for the 21-, 41-, 61-,
and 69-matrix-size zones, respectively. Average material worths were
calculated for each subzone using measured small-sample reactivity trav-
€rses. An exception to this was the manganese worth, which was calcu-
latéd. The correction term is dominated by the inherent mismatch in
stainless steel and by the fissile material differences due to **!Py decay.



TABLE VII.6. Average Compositions of 69-drawer
Calandria Regions and Matching Plate Region

Region Compositions, 1022 atoms/cm3
" Inner Core (0 to 18 in. Axial Blanket (18 to 24-in.
Material Axially in Both Halves) Axial Section in Both Halves)
Pu0,-U0, Pins Matching U0, Pins Matching
in Calandria Plate Loading in Calandria Plate Loading
238py 0.00007 0.00006 - =
239py 0.08438 0.08439 - -
240py 0.01126 0.01118 - =
241py 0.00168% 0.00148 2 -
242py 0.00016 0.00018 - =
241pn 0.000202 0.00035° - -
235y 0.00126 0.00123 0.00135 0.00153
238y 0.55636 0.55530 0.65630 0.69326
0 1.30821 1.31287 1.31650 1.26518
Na 0.88779 0.89116 0.88779 0.88486
Fe 1.16899° 1.22672°¢ 1.16601° 1112375
Cr 0.33592 0.25996 0.33542 0.31088
Ni 0.15300 0.11847 0.15277 0.13968
Mn 0.02510 0.02186 0.02507 0.02569
Si 0.01604 0.01301 Y 0.01604 0.01532
Mo 0.02312 0.02356 0.00150 0.00240
Cu 0.00245 0.00287 0.00245 0.00362
Co 0.00078 0.00036 0.00078 0.00069
Al 0.00029 0.00034 0.00029 0.00024
Ta 0.00002 - 0.00002 -
Ti 0.00017 - 0.00012 -
Nb 0.00053 - 0.00053 -
G 0.00297 0.00292 0.00297 0.00405
P 0.00061 0.00045 0.00061 0.00064
s 0.00030 0.00016 0.00030 0.00027

aNot corrected for 2“1Pu decay, analysis date presently unknown.

bCorrected for 2%1Pu decay to date of Julyel, 1971,

CIncludes minor impurities in claddings, pins, and sodium and unaccountables
in steel analyses.



The uncertainty in the correction term was also calculated.
This uncertainty is due to (1) errors in the measured reactivities, (2) the
error in material matching due to imprecise knowledge of the actual mass
of each material involved, and (3) half-closure errors.

Tables VII.7-VII.10 present the results for the four zones:
AM is the material mismatch; o, is the error due to imprecise knowledge
of the mass of each material; 0, is the error due to uncertainties in the
material-worth measurements; 0 is the overall error on the correction
term and is equal to (02 +c1§)l Table VII.11 summarizes the experimental
results, the corrections, and the errors, and lists the reactivities with the
uncertainty for each of the four pin- for plate-zone substitutions.

TABLE VII.7.

Compositional Correction Terms and Associated
Imprecisions for Central 21 Matrix Locations

AM

(Plate-Pin), (A i P24 &
Material kg Ih Ih Ih Ih
239y 4 24lpy -0.029 —o75e BT 0g 0.007  1.09
s 0.011 S 0.01 0.01
238 0.55 - 74 1.0 0.22 1.02
Mo -0.01 0.03 0.005 0.003 0.006
Fe, Ni, Cr, Mn s
vl T iritice 5.49 4.81 0.12 1025 1.26
2.68 1.48 1.28 1.95
TABLE VII.8. Compositional Correction Terms and Associated
Imprecisions for Central 41 Matrix Locations
AM
(Plate-Pin), 0, o 227 %
Material kg Ih Ih Ih Ih
239 241
235Pu o Pu -0.058 =4.99 2.14 0.014 2.14
~ 0.022 -0.62 0.0 0.019 0.019
1.07 1.42 1,96 0.43 2.0
Mo -0.022 0.067 0.011 0.006 0.012
Fe, Ni, Cr, Mn
S e -10.74 9.29 0.27 2.84 2.85
5.16 2.91 2.87 4.08
TABLE VII.9. Compositional Correction Terms and Associated
Imprecisions for Central 61 Matrix Locations
AM
(Plate-Pin), 0, o1 ) %
Material kg Ih Ih Ih Ih
239 24
2351’“ o+ LPH -0.087 =7.36 3.59 0.021 3.19
238U 0.032 =0.91 0.0 0.029 0.029
u 1.57 2.1 8-27 0.63 2.99
M
o -0.033 0.1 0.019 0.009 0.018
Fe, Ni, Cr, Mn
and Impurities -15.99 13.66 0.42 4.42 4.43
7.49 4.85 4. L6 6.22
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TABLE VII.10. Compositional Correction Terms and Associated
Imprecisions for Central 69 Matrix Locations

AM
(Plate-Pin), [ o1 322 )

Material kg Ih Ih Ih Ih
239 24

Bu + lPu -0.098 -8.24 3.19 0.023 309
2
235U 0.035 —~1.07 0.0 0.033 0.033
38U 1.80 2.34 2.91 0.71 3.33
Mo -0.035 0.11 0.017 0.01 0.02
Fe, Ni,:Cxr, Mn -17.98 15.29 0.49 4.49 4.51

and Impurities
8.43 4.34 4.54 6.65

TABLE VII.1l. Summary of ZPPR Pin-Plate Heterogeneity Experiments

Zone Measured Correction for Com- Calculated Error Half Clo- Actual
Size Reactivity, positional Mismatch, of Correction, sure Error, Reactivity,
Ih Ih Ih 1h Ih
21 -22.8 2.68 1:95 0.8 20.12 + 251
41 -44.1 5.16 4.08 LS 38.9 =% 4,2
61 -67.2 7.49 6.22 1338 59.7. % 6.37
69 =761 8.43 6.65 1.60 67.7 * 6.83

c. Measurement of Shielding and Neutron Streaming. G. G. Simons
(Last reported: ANL-7753, p. 36)

(1) ZPPR-2 Dose Traverse. A traverse measurement of ab-
sorbed dose was completed at a few axial and radial positions in ZPPR-2.
The dosimeter capsules used consisted of 1-in.-long x 1/8-in.-dia
(0.035-in.-wall) stainless steel sleeves, each containing three "LiF ex-
truded TLD rods. As-loaded sleeves in Drawers 137-41, 137-47, 137-52,
and 137-57 are shown in Fig. VII.13. The resulting data (see Table VII.12)
are presented in terms of instrument readout in nanocoulombs (nC) and dose
(rads) relative to the stainless steel jacket around the TLD. Conversion
from nC to rads was completed using a calibrated °Co source.

Plutonium-239 foils, located 2.75 in. from the interface but
near the vertical centerline of matrix drawer 139-37, and the TLD rods were
exposed simultaneously for a nominal 892 watt-hours (W-h). The #*Pu(n,f)
reaction rate was 1.018 x 10% + 1.3% reactions/(g)(W-h).* The absolute foil
reaction rates at the radial positions which contained TLD rods can be de-
rived from the above reaction rate and the ?*?Pu counter traverse for the
reference core loading. The standard deviation for the batch of TLD rods
was 5.8%; thus, using an average readout of three rods per capsule, the
standard deviation on the reported instrument readouts will be 3.5%. How-
ever, the reported doses will have a larger error, depending upon the vari-
ation of the W parameter between the calibration-source energy (1.25 MeV)
and the gamma-ray spectra in the reactor.

*D. W. Maddison, ANL, private communication.
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Fig. VII.13. TLD Capsules Positioned on Top of the ZPPR Matrix Drawers for the ZPPR-2 Reference Core
Dose Traverse Measurements. ANL Neg. No. 103-A11878,



TABLE VII.12. Absorbed Dose Measurements in ZPPR-2
Using Stainless Steel Encapsulated ’LiF TLD Rods

Axial
Position TLD Dose Relative

Capsule Matrix From Readout,?@ to Steel,
Tag Drawer Core CL’ in. nC rad
18 137-41 0 243,3 2082
M 3 249.9 2123
N 7 209.2 1841
0 1t 202.1 1789
P 14 153.6 1423
Q 16 142.7 1339
R 18 99.1 988
S 20 53.8 569
T 22 376 404
U 26 24.7 270
Y 30 d6e1 180
A 137-47 0 215,13 1883
B 3 203.6 1799
v 7 188.6 1726
D 11 163.1 1496
E 14 140.1 1318
F 16 122.9 1177
G 18 78.0 808
H 20 39.7 427
I 22 2952 316
J 26 20.7 228
K 30 1232 139
W 137-52 0 149.3 1391
X 3 14912 1381
Y 7 137..5 1297
z 11 119.0 1151
L 14 93.8 941
2 16 80.9 837
3 18 49.9 528
4 20 2555 279
5 22 18.6 207
6 26 12.1 138
7 30 759 92
8 137-57 0 14.9 167
9 3 15.6 175
10 7 2347, 155
1 il 1252 140
12 14 105 116
13 16 ke 106
14 18 7l 89
15 20 6.98 82
16 22 5575 68
17 26 4,01 48
18 30 2.62 32

agtandard deviation *3.5%.
b iavd deviaiion deoendent on gamma-ray spectra >3.5%.



B. Support of ZPR Fast Critical Experiments

1. Fast Critical Experiments; Theoretical Support--Illinois. C. E. Till
(02-134)

a. Supplementary Analytical Interpretation of Integral Data
(Last reported: ANL-7798, p. 99)

(1) A Multiregion, Perturbation, Integral Transport Formula-
tion for the Analysis of Central Sample-worth and Doppler-effect
Measurements (P. H. Kier and M. Salvatores). A computer code, based
on perturbation theory and integral transport theory, is being written to
aid in the analysis of sample-worth measurements and Doppler -effect
measurements made in the center of ZPR assemblies. The code essen-
tially computes the reactivity worth of substituting a test zone for void in
the center of the assembly. In contrast to an earlier codet in which the
test zone was restricted to be a single region, this code permitted the test
zone to be an arbitrary number of annular regions and therefore includes
the effects of the immediate environment on the worth of a sample or its
Doppler effect.

Actually, the required reactivity is obtained from the dif-
ference of two reactivities. For sample worth, in the first pass the trans-
fer tube and sample holder would be located in the test zone, while in the
second pass the transfer tube, sample holder, and sample would be located
in the test zone. From the difference in reactivity between the two passes,
the worth of the sample is obtained. Similarly, for the calculation of the
Doppler effect, in the first pass, the buffer, oscillator drawer, and cold
sample are located in the test zone, while in the second pass, the buffer,
oscillator drawer, and hot sample are located in the test zone. Also the
test zone should include a portion of the core.

The formulation uses broad-group real and adjoint fluxes,
®0,k and ¢f k, obtained from diffusion calculations in which the center of the
assembly contains core material. From the unperturbed flux, a primary
surface source of neutrons impinging on the test zone and the primary-
collision rates in the test zone regions C, j x are obtained. Those colli-
sions that are scattering or fission events f'orm the source for the second-
collision generation. In general, the source in region i and group k for
neutrons suffering their nth collision in the test zone, Sn,i,k is given by

K

K
Sn,ik = Z Zj-*k,i¢n-l,i,j S E (yzf). et (1)
j=1 : ) J
= v jai

C. E. Till, "Fissile Doppler Effect Measurement of the Effects of Thermal Expansion," Reactor Physics

Division Annual Report: July 1, 1966 to June 30, 1967, ANL-7310, pp. 143-151 (Jan 1968).



where the first term is the contribution from scattering, and the second

term the contribution from virgin fission neutrons. The corresponding
flux is

Pn,ik = Z Bhi. Po,ikl /2 (2)
j=1

where Pk, i,j is the probability that neutrons appearing in group k in re-
gion j suffer their first collision in region i. Not all neutrons will suffer
their next collision in the test zone, as some will leak into the core. This
leakage rate for the nth generation is given by

Ln,ik = ) by iSn,ik (3)
1=1

where hy ; is the probability that neutrons appearing in group k in region i
escape into the core without an intervening collision in the test zone.

The reactivity effect of the test zone for the kth group is
the net leakage of neutrons into the core from the test zone weighted by the
unperturbed adjoint flux. Since the net leakage out of the core for primary
neutrons is the same as the primary collision rate in the test zone, the re-
activity can be expressed as

eli=
i

[ee]
Pk = . Lo P L i (4)
n=

»

1=1

where D is the perturbation denominator. For the first pass, the appro-
priate unperturbed adjoint fluxes to be used in Eq. 4 are clearly the diffusion-
theory fluxes ¢f k. However, for subsequent passes, the appropriate qy&,i,k
are the perturbed adjoint fluxes from the first pass. These perturbed ad-
joint fluxes are readily obtained from Bitelli and Salvatores'? integral trans-
port formulation for the importance function. The nth-generation adjoint
flux is then given by

K
Pnk,i Z Prji| 2 (X4¥26k,j + Zkegyj )00-1,05]0 B> L (5)

b=1

and for the first generation,

TG. Bitelli and M. Salvatores, Neutron Flux and Importance Distribution by Collision Method Starting from a
Generalized Source, Nucl. Sci. Eng. 36, 309 (1969).




K
*
Ol ki = zZ hk,i(XzVZf,kazk—»l)%,l,v (6)
=

where the cross sections are for core material.

2. Fast Critical Experiments; Theoretical Support--Idaho. W. G. Davey
(02-010)

a. ZPR Heterogeneity Method Development. RIG Palmer
(Last reported: ANL-7825, p. 7.19)

(1) VIM-I Monte Carlo Code (F. L. Fillmore). Two VIM-I
Monte Carlo calculations were made for the ZPPR-2 critical assembly
using a library based on the ENDF/B Version-II cross-section data. One
of the calculations was for a heterogeneous model of the assembly contain-
ing over 40,000 zones; the other was for a homogeneous model, which was
formed by homogenizing the core and blanket regions of the heterogeneous
model. There were 100,000 neutron histories in each calculation. Some of
the results and their comparison with experiment are presented in Ta-
bles VII.13 and VII.14. Standard deviations were not calculated for the
central fission ratios, but it is estimated that they are about 0.5% or better.

Results from a completely homogeneous 2D diffusion-theory
calculation give k = 0.9524. After a transport-theory correction of 0.0024
is added to this, it is apparent that the VIM result is about 2% lower than the
multigroup result. The reason for such a large discrepancy is not under-
stood. The heterogeneity effect obtained with VIM is Ak = 0.0143 + 0.0054,
which is consistent with the value of about 0.012 that is expected with multi-
group methods.

TABLE VII.13. ZPPR-2 Results Using ENDF/B Version-II Data

Quantity Homogeneous Heterogeneous Experiment
Computing Time 578 hr 8.08 hr i
Collisions/history Sy 54.9 =4
k 0.9322 0.9465 1.0006
Standard deviation + 0.0038 + 0.0038 ==
Central FZS/FZS 0.0209 0.0195 0.0201
Central FAQ/Fzs 0.9278 '0.9201 0.9372
Central Fl.o/Fzs 0.1830 0.1739 0.1704
Central F41/F25 1345 iLoshE ==

Central A28/F25 0.1756 0.1790 T




TABLE VII.1l4.

ZPPR-2 Flux Spectrum at Core Center

Emin' VIM VIM Standard 2pa
Group keV Heterogeneous Homogeneous Deviation Diffusion Exper-b
6065.0 0.0033 0.0032 0.0003 0.0031 - -
3679.0 0.0131 0.0123 0.0005 0.0127 G
2231.0 0.0293 0.0300 0.0010 0.0313 ey
55370 0.0427 0.0446 0.0012 0.0455 0.0387
820.9 0.0540 0.0554 0.0015 0.0544 0.0594
497.9 0.1027 0.1020 0.0024 0.1018 0.0922
302.0 0.0965 0.0945 0.0022 0.0986 0.0946
183.2 0.1200 D.1212 0.0025 0.1243 0.1190
I ETES E 0.1288 0.1302 0.0024 0.1296 0.1264
67.4 0= 1112 0.2107 0.0022 0.1103 0.1245
40.9 0.0905 0.0912 0.0019 0.0868 0.0978
24.8 0.0650 0.0635 0.0013 0.0609 0.0661
15.0 0.0704 0.0701 0.0016 0.0673 0.0644
9.11 0.0490 0.0474 0.0012 0.0500 0.0473
9.93 0.0279 0.0290 0.0008 0.0285 0.0284
3.35 0.0169 0.0167 0.0006 0.0177 0.0177
2.04 0.0069 0.0063 0.0002 0.0064 0.0084
123 0.0177 0:0172 0.0007 0.0180 0.0149
0%75 0.0124 0.0107 0.0005 0.0122 - -
0.45 0.0073 0.0060 s+ 0.0004 0.0073 =
0.28 0.0037 0.0026 0.0003 0.0032 ==
D.17 0.0013 0.0011 0.0002 0.0023 =
0.10 0.0005 0.0004 0.0001 0.0003 --

dArne P. Olson, ANL, private communication.
G. G. Simons, ANL, private communication.

normalized over groups 4-18.

The central neutron spectra shown in Table VII.14 are

over most of the experimental range.

The VIM standard deviations are about 2%
The agreement between the two VIM
spectra above 3.3 keV is good. Below this energy, the heterogeneous spec-

trum, which is an average over the cell, is higher than the homogeneous

spectrum as expected, since the heterogeneous self-shielding of resonances
is stronger than the homogeneous self-shielding. The agreement between

T2l

the diffusion theory and the VIM spectra are generally satisfactory, although

there are small discrepancies in a few of the groups.
experiment is less satisfactory; this is not surprising, since there are de-

The agreement with

ficiencies in the basic cross-section data that were used.
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b. Supplementary Analytical Interpretations of Integral Data.
R. G. Palmer (Last reported: ANL-7825, p. 7.18)

(1) Heterogeneity Correction for a Central B,C Mockup Control
Rod in ZPPR Assembly 2 (J. P. Plummer). Massive control rods in ZPPR
Assembly 2 are mocked up by four drawers in a two-by-two square array.
Each drawer has a central plate, 2 by 0.5 in. in cross section, of natural
B,C. The remainder of the 2.277 x 2.175-in. matrix tube is filled with so-
dium plus the structural stainless steel. The calculational procedure
throughout the Assembly 2 preanalysis has been to homogenize uniformly
over the matrix tube all the contents, i.e., boron, carbon, sodium, and
stainless steel. A similar procedure was followed for the simulated tanta-
lum control rods. An investigation was made to determine the extent of the
error incurred by making this approximation, which preserves the total
number of B atoms, N, but does not preserve NJ, where [ is the mean
chord length of the boron-containing region.

Certain idealizing assumptions were incorporated into the
calculational model, chief of which was that loading 90 has a plane of sym-
metry along each centerline and that the centerlines pass between drawers,
not bisecting a row of drawers as, in fact, is the case. The effect of these
simplifications was that two-dimensional, x-y geometry calculations could
be made for a central four-drawer bundle by mocking up only one quadrant
of the reactor. Although not the best for comparison with experiment, this
model was certainly realistic enough for a calculation of the heterogeneity
correction. The cross sections were group-collapsed from the base 27-
group set to seven groups as a concession to economy. This was performed
by the code CCSX, using option 2 (see ANL-7518, pp. 7-11) to collapse the
transport cross section for use in transport calculations. A different set
of seven-group cross sections was prepared for ensuring diffusion-theory
calculations, the difference being that option 4 was used to collapse the
transport cross section.

The first conclusion reached was that diffusion theory would
not be adequate, failing particularly in the heterogeneous-rod case. This
was evident when diffusion theory predicted the heterogeneous four-drawer
bundle to be worth 7¢ more than the homogenized bundle. Clearly, the effect
of lumping the boron should be to reduce its worth as a neutron absorber,

Turning to transport theory, the two-dimensional Sp code
DOT was used. The mesh, for both homogeneous- and heterogeneous-rod
cases--as well as the normal-core reference calculation--was one interval
per z?rawer, except for the central rod drawer and its immediate neighbors.
The intervals per drawer in either the x or y direction, starting at the
center and going out, were 7, 2, and the rest 1's.

The calculations were done with angular order 8. The con-
vergence was such that a crude estimate of the corresponding error in rod



worth placed it at 1%. The results were that homogenizing the rod in-
creased its worth by 2.7%.

A further result was that the transport correction, between
calculations of the homogenized-rod worth by 2-D transport and diffusion
theory, was 7.6%, the diffusion-theory worth being the greater. This com-

pared favorably with a previous one-dimensional transport correction for
a central B,C bundle of 6.7%.

3. Fast Critical Experiments; Experimental Support--Illinois (02-013)

a. Development of Techniques for Critical Experiments.

E. F. Bennett (Last reported: ANL-7825, p. 7.20)

(1) '°B Reaction Rates (T. J. Yule). The development of a
small back-to-back proportional counter to measure fission and boron re-
action rates was reported in ANL-7640, pp. 16-17. Both halves of the
counter are operated as flow counters and standard argon-10% methane
mixture (P-10) has been used as the flow gas.

For boron reaction-rate determinations, about 15 ;Lg/cm2
of enriched metallic boron was deposited on a section of one side of the
center plane. Because of the high "background" observed for the boron
side when the counter was placed in a fast-neutron field, the other side of
the center plane has been left blank and its half of the counter used to ob-
tain the background (see ANL-7688, pp. 9-10).

Tests were made to determine if the background problem
could be reduced by using as a flow gas one'that does not contain hydrogen.
Figure VII.14 shows the response
g of the boron counter in a thermal-
|

Ti—r
|

I'. neutron flux and a fast-neutron flux
s, !

\

4 \

\

\

\

\

T i T i T

BORON COUNTER
THERMAL A-CO2
FAST A-CO2
——-—— FAST A-CHgq

o

for two different flow gases--the
argon-methane mixture and a mix-
ture of argon and 2% carbon dioxide.
The thermal-neutron response (solid
line) was the same for both gases,
and only the response with the argon-
carbon dioxide mixture is shown.
The peak between channels 30 and

40 is associated with "Li recoils.
Because the track lengths of these
recoils are short compared with the
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Fig. VIL.14

Pulse-height Spectra from a Back-to-Back Boron

Counter in a Thermal-neutron Flux and in a Fast-
neutron Flux for an Argon-Carbon Dioxide Flow

Mixture and an Argon-Methane Mixture

counter dimensions and because the
average energy loss in the boron

film is small, the pulse-height dis-
tribution shows a well-defined peak.

Ti2s



The alpha particles, whose track lengths are comparable with the counter
dimensions, produce a pulse-height distribution that is rather spread out
because of the dependence of the pulse height on the track orientation. The
upturn in the distribution below channel 5 results from the gamma-ray
sensitivity of the counter.

When the counter is placed in a fast-neutron environment,
the responses for both gas fillings are almost identical to the thermal re-
sponse on Fig. VII.14. The fast-neutron environment was that within a
block of depleted uranium with a natural uranium front face driven by ther-
mal neutrons (Snell block). The neutron spectrum within the block is simi-
lar to that in a fast reactor; however, there are considerably fewer high-
energy neutrons. Below the "Li peak, the dependence of the "background"
on the flow gas is evident. The response for the argon-methane mixture
(dot-dashed line) shows the influence of argon, carbon, and hydrogen re-
coils. Because of the low boron reaction rate, relative to the elastic scat-
tering rate in the gas, the recoil distribution introduces a significant
background. Hydrogen with its large elastic scattering cross section and
its ability to assume the full neutron energy dominates the recoil distribu-
tion at higher energies. The response for the argon-carbon dioxide mixture
(dashed line) indicates a significantly improved low-energy response and
points out the desirability of using such a mixture for boron-rate measure-
ments in a fast reactor.

4. Fast Critical Experiments; Experimental Support--Idaho.
S. G. Carpenter (02-011)

a. Neutron Spectroscopy. G. G. Simons (Last reported:
ANL-7825, p. 7.22)

An error existed in the smoothed MC? (Version 2) calculated
spectrum shown in Fig. VII.4 of ANL-7825. Apparent improvement near
30 keV using Version 2 data was not real but stemmed from a numerical
inaccuracy in the output from the ETOE code, which translated the ENDF/B
data into the form required for MC?. The coarse energy mesh around 30 keV
selected in the ETOE run gave the iron resonance at 34.1 keV a much wider
I than the actual 36 eV, which could not in reality produce the very large
flux depression observed in the MC? ultrafine-group spectrum.

-The fast-neutron spectrum has been measured near the center
of ZPPR-2 in the pin configuration. These data are being reduced.
b. Development of Techniques for Critical Experiments.
S. G. Carpenter (Last reported: ANL-7688, p. 9)

Dan 3 (1? .Gamma-ray Dose Measurements (G. G. Simons). An evalu-
uren of the utility of using "LiF thermoluminescent rods (1 x 6 mm) tomeas-
gamma-ray absorbed doses in ZPPR resulted in the adoption of ageneral




ionization theory which removed the cavity-size restriction characteristic
of the Bragg-Gray type cavity-ionization theories.* It is therefore theo-
retically possible to relate the absorbed dose in a solid-state thermolumi-
nescent dosimeter (TLD) cavity to the absorbed dose in the wall material
irrespective of the cavity size, atomic number of the cavity, or the com-
position of the wall. The general ionization theory can be applied in the
design of a dosimeter capsule to achieve a gamma-ray-sensitive device
which has a good energy response. The energy response can also be esti-
mated for any capsule, provided electron equilibrium is established in the
sleeve and the gamma-ray spectrum is known. Based on this theory, it is
possible to estimate the magnitude of systematic errors inherent in dose
measurements made within the critical, provided TLD rods encased in
different sleeve materials are calibrated with a standard ®Co source and
then exposed in fast-reactor-type gamma-ray spectra.

If the composition of the TLD and the sleeve possessed
identical gamma-ray absorption coefficients, as well as the same atomic
stopping power for electrons, a matched cavity condition would exist.
Under these conditions, the absorbed dose in the cavity would equal the
absorbed dose in the sleeve. In practice, the matched-cavity concept can-
not be used in designing dosimeters for measurements in criticals. Hence,
it is necessary to evaluate the wall effect for each type of sleeve material.
The response of the TLD cavity relative to a TLD where there is no wall
effectis

(ﬂen/P)z

T {Eenle)e BL2(To).

»

where the subscripts ¢ and z refer to the TLD cavity and sleeve material,
respectively, epn/p is the mass energy absorption coefficient, and gf,(T,)
is the mass-stopping-power ratio for a cavity, relative to the sleeve based
on the general ionization theory. Relative to the Spencer-Attix prescrip-
tion for small cavities, gf,(T,) is

(z/A)cf  af (T [BC(T) ]
Bfz(To,4) = m i T_o{—& R (T m T

where the terms are as defined by Burlin.*

Values of gf,(T,) for Teflon, aluminum, iron, and tantalum
sleeve materials relative to LiF based on both the Laurence and Spencer-
Attix theories are listed in Table VII.15. Figure VII.15 shows the energy

*T. E, Burlin, A General Theory of Cavity Ionization, Brit. J. Radiol. 39, pp. 727-734 (1966).
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TABLE VII.15.

Mass Stopping Power Ratios Relative
to LiF for Selected Materials

T £
o’ Biz
MeV Teflon Aluminum Iron Tantalum
Laurence Theory
0.15 0.9644 0.8194 0.3105 0.1150
0425 0.9664 0.9338 0.6971 0.1817
0.4 0.9714 0.9743 0.9438 0.424
0.6 0.9767 0.9935 150177 0.724
1.00 0.9844 1.0214 1.0794 1°a07
1250 0.9931 1.0402 151095 1.290
2.00 0.9974 1.0482 - - - =
Spencer-Attix Theory
0.:327 0.966 0.961 0.861 - -
0.654 0.980 0.994 1.027 = =
1.308 0.993 1.028 1.073 ==
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dependence of the ratios of several mass energy absorption coefficients
relative to LiF. These tabulated and plotted quantities can be used to eval-
uate the energy response of the dosimeter capsule.

Gamma-ray-induced excitation in dosimeter capsules con-
taining extruded "LiF rod cavities and different sleeves were measured.
Several capsule types were irradiated in three gamma-ray fields. Each
field had a different characteristic spectrum. The TLD thermoluminescence
(TL) variation as a function of sleeve type, sleeve-wall thickness, and
gamma-ray energy were recorded. These experiments tested the sensitivity
of the measured TL upon the capsule configuration and exposure environ-
ment. They also allowed a preliminary evaluation of the ability to predict
the change in TL for different sleeves using the general ionization theory.

Table VIIL.16 lists the various materials, sleeve-wall thick-
nesses, and gamma-ray sources used, along with the resulting relative TL
values. All the TL values shown in Table VII.16 are reported relative to the
0.894-g/cm? Teflon sleeve. It can be concluded from these data that when
TLD rods with standard deviations of at least 5.8% were used, the TL read-
outs were the same for individual sleeve materials, independent of the wall
thickness selected for this study for each of the gamma-ray sources. Some
of the TL values did vary between sources. These results do not show that
the TL values are independent of sleeve thickness in general. That is, the
minimum wall thickness in each case was generally at least half the range
of the most energetic electrons generated in the wall by the incident gamma
rays. Moreover, the maximum sleeve thicknesses were not great enough to
significantly attenuate the major ®Co or *®Ra gamma rays. This type ex-
periment will be performed again using TLD's with nominal standard devia-
tions of 3%. These data may show variatio‘ns as a function of the sleeve-
wall thickness.

TABLE VII.16. Relative /LiF Response for Selected Sleeves and Gamma-ray Sources

Sleeve Sleeve Wall TLD Response Relative to 0.894-g/cm 2 Teflon Sleeve
Sleeve Diameter Thickness 226 60 ZPPR-2
Type in. in. (g/cm?) Ra Co Loading 157 Loading 158
Air L © © = 1.064 + 0.090 - -
BI‘C 1/8" plate 0.125 0.762 - 0.990 + 0.084
Teflon 0.250 0.098 0.548 1.008 + 0.086 1.015 + 0.086 0.993 + 0.084 0.896 + 0.076
0.375 0.160 0.894 1.000 + 0.085 1.000 + 0.085 1.000 + 0.085 1.000 + 0.085
Al 0.1875 0.066 0.453 1.029 + 0.087 1.057 + 0.089 - =
0.250 0.098 0.672 1.044 + 0.089 1.035 + 0.088 - =
0.3125 0.129 0.885 1.007 + 0.085 1.008 + 0.086 - -
Avg: |1.027 ¥ 0.087 |1.035 % 0.088
ssa 0.09375 0.020 0,400 1.104 + 0.094 1.063 + 0.090 1.027 + 0.087 0.978 + 0.083
0.125 0.035 0.700 1.052 + 0.089 1.027 + 0.087 1.125 + 0.096 1.038 + 0.088
0.1875 0.066 1.320 1.012 + 0.086 1.057 + 0.089 = =
0.250 0.098 1.959 1.025 + 0.087 1.039 + 0.088 1.067 + 0.091 0.913 + 0.078
0.3125 0.129 2,579 1.007 + 0.085 1.040 + 0.088 - -
Avg: 1.040 + 0.088 1.045 + 0.089 1.073 + 0.091 0.976 + 0.083
Ta 0.1875 0.074 3.120 1.128 + 0.096 1.285 + 0.109 1.624 + 0.138 1.531 + 0.130
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A preliminary evaluation of the general ionization theory
was made using the data in Table VII.16. The response of a TLD in a cap-
sule of wall material Z, relative to a TLD in a wall material Y, is

(ten/P)z BEz(To)
- (.Uen/P)y ny(To)
Thus the ratio of the TLD readouts for different sleeve materials should

also equal F. Calculated F values were compared to the measured TL
ratios of TL,/TLTeflon (see Table VIL.17).

TABLE VII.17. Theoretical and Experimental Ratios of the
Effect of Sleeve Material on Cavity Excitation

F
Spencer-Attix
Sleeve Material Lauience : A = 81.8 TLZ/TLTeflon
Aluminum 1.048 1.041 1.033 + 0.088
Iron 1.080 1.055 1.045 + 0.089
Tantalum 1.380 = 1.285 + 0.109

The experimental results are in agreement with the calcu-
lated F values for all three materials. The accuracy in the tantalum F
value is worse than for either iron or aluminum, since the nuclear param-
eters used to calculate gf, for tantalum were not as precise.

The utility of using stainless steel-encased TLD dosimeters
in ZPPR is reported in Sect. VII.A.2.c above.

5. Production of Materials for ZPR Experiments (02-019)

a. Special Measurement Elements. J. E. Ayer (Not previously
reported)

(1) Manufacture of Clad Fissionable Foils for ZPR Measure-
ments (A. G. Hins). Ongoing and proposed studies of reaction rates in
heterggeneous fast reactors* require thousands of clad fissionable foils for
experiments conducted in the ANL-operated zero-power reactors. Circular
and rectangular foils, used in conjunction with plate-type elements, are

*R. A. Karam, G. S. Stanford, and R. Robinson, Anisotropic Effects in a 4000-liter UOg Fast Core, ZPR-6
gss;mb‘ly 64, Annual Mtg. Am. Nucl. Soc., Boston, Mass., June 13-17, 1971; R. A. Lewis, L. G. LeSage,
- E. Till, J. E. Marshall, E. M. Bohn, M. Salvatores, and G. S. Stanford, LMFBR Demonstration Reactor

Benchmark Critical Experiments Program--Initial Plate-Rod Heterogeneity Measurements, Mtg. Am. Nucl.
Soc., Boston, Mass., June 13-17, 1971.
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preferred for physics studies at ambient temperature, whereas circular
foils inserted between oxide-rod elements are used in variable-temperature,
rodded-zone experiments.

It is desired to determine the amount of the major isotope
in each foil to an accuracy of 99%. Therefore, homogeneous fuel materials
and high-precision fuel weighing and analytical methods are necessary to
meet the uncertainty limits. Because the fissionable foils are handled by
the experimenter in unprotected surroundings, the fuel cladding must be
leaktight, corrosion-resistant, and tolerant to extensive handling. Some of
the foils are used repeatedly over long periods of time, demanding long-
term integrity of the fuel and containment. Traceability necessitates indi-
vidual permanent identification and cross reference to records of fuel
content.

An activation-measurement foil consists of a fuel core
sandwiched between two aluminum disks. The cladding is sealed around
the periphery of the fuel by a pressure-cold-welded rim. The pressure-
welded rim is about 0.004 in. thick resulting from an optimum 60% reduction
of the original cladding double thickness. Cladding and core components and
foils in two stages of assembly are shown in Fig. VII.16.

Fig. VIL.16

Foil Components and Assemblies.
Neg. No. MSD-55128.

Foil assemblies are of three major dimensions and of two
nominal thicknesses. A typical foil assembly is 1/2 in. in diameter and
0.018 in. thick. The fuel cores are 0.005 or 0.0005 in. thick and consist of
Eiphtemia;arsisotope se e ARuL 2 Pu sé Py REa2 Py R233Ty) $235T §2301 i d 1232
Uranium and thorium are fabricated in the unalloyed state, but plutonium
is delta-stabilized with 1.3 wt % aluminum before fabrication.

The isotopes of plutonium were procured as metal in un-
alloyed form or as prealloyed Pu-Al. Uranium and thorium materials were
received in sheet form and required only subsequent rolling to final thick-
ness. The plutonium alloys were melted in a vacuum-induction furnace and
gravity-cast into graphite molds as 6- by 2- by 0.1-in. plates. 2*Pu and



aluminum in a small arc-melting

242py jsotopes were alloyed with 1.3 wt % e
stirring,

furnace. Alloy homogeneity was established by alternately melting,
and solidifying the buttons through four cycles.

Foil was produced by rolling castings on a two-high Stanat
mill. Plutonium plates or buttons preheated to 350°C in a resistance fur-
nace were reduced to 0.025-in. sheet by rolling through rolls heated to
300°C. Approximately 25 passes were required to obtain the 75% red\fction.
The rolled sheet was trimmed and reheated to 350°C, after which rolling
continued for 15-20 passes until the rolls were essentially closed. At this
point, the foil was 0.007 in. thick, having been reduced 93% during primary

rolling.

The plutonium-alloy thickness was further reduced by using
4- by 6-in. stainless steel packets. A stainless steel sheet was folded, the
fuel material inserted, and the packet assembly warmed to 90°C and passed
through rolls heated to 100°C. Cross rolling, necessary on narrow strips
of fuel, was accomplished by turning the foil inside the packet before roll-
ing. Typically, 15 passes were required to produce 0.005-in.-thick finished
foils.

To produce 0.0005-in.-thick foils, the rolling operation was
continued for an additional 35 passes. A 100°C roll temperature was main-
tained throughout, and intermediate or final annealing of the Pu-1.3 wt % Al
alloy was not required.

Fuel cores produced by punching the rolled foil were visu-
ally inspected for edge burrs, tears, cracks, and other defects. Samples of
the perforated foil residue were selected for chemical analysis. To obtain
sufficient sample weight, large foil areas were required, resulting in good
"averaging" of the fuel materials and eliminating the need to select numer-
ous minute specimens for statistical sampling. Samples were analyzed for
the major constituent, isotopic content, oxygen, carbon, nitrogen, hydrogen,
and minor metallic impurities. Fuel-core weight was determined on a
Mettler microbalance.

The aluminum cladding was procured in 0.005-in.-thick
sheets.  After the cladding was washed in acetone and alcohol and air-dried,
6- by l-in. strips were cut from the sheet. After the oxide was removed
from one surface by power wire brushing, blanks were stamped from the
cladding strip with a die that contained steel and rubber platens. Concur-

rent with the blanking operation, a 0.003-in.-deep cavity to seat the fuel
was formed in the cladding.

i : Foil components were loaded directly into the pressure-
W.e u;g dxe.. A cladding disk was seated, abraded side up, on the welding
rim of the die base. The fuel core was removed from the storage tray,



Tl

using a vacuum pipette, and was placed in the cladding cavity. After the
upper cladding disk was positioned on the fuel and the die was assembled
and placed in a hydraulic press, a 20,000-1b force was applied to produce
the weld. A shear ring mounted in the upper die was actuated to trim the
cladding flashing, the die was opened, and alpha contamination, when pres-
ent, was detected with a gas proportional probe.

Five dummy test welds were made each production day,
three before assembly began and two after completion. On long production
runs, a test weld was made after each 10 foils were assembled. Acceptance
of the production batch of foils was contingent upon results of the test-weld
examination.

Completed assemblies were removed from the glovebox and
surveyed for alpha contamination on the surfaces. After each foil was identi-
fied by affixing an electroetched numeral atop the assembly, the assemblies
were inspected for conformance to specifications, and foil weights were
taken. Two surface surveys were made one week apart with a proportional
counter to measure the alpha activity on the surface of the foils. Leakers,
indicated by an increase in alpha activity, were rejected, and 50 completed
foils were placed in a single holder for storage or shipment.

During the past 12 months, 1054 activation-measurement
foils were produced. Foils of three elements were fabricated in the follow-
ing quantities: 598 plutonium, 327 uranium, and 129 thorium. One hundred
forty, or 13.3% of the foils, were rejected during assembly and inspection.
Major causes for rejects were (1) excessive alpha contamination, (2) fuel
misalignment in the jacket, (3) massive alpha contamination at the loading
station, and (4) swelling of foil assemblies after long-term storage.

Table VII.18 shows calculated results of fuel-core content
and isotope-weight uncertainty of foils selected from various production

TABLE VII.18. Isotope Content of Activation-measurement Foil

20 Weight
Foil Major Fuel Core Isotope Uncertainty,
Type Isotope Weight, mg Weight, mg img
D4IK 239, 165.92 154.96 0.37
D49N aaip, 24.23 22.54 0.11
D49IN 239, 14.39 13.39 0.07
VL49K 23%, 100.14 93.55 0.25
D4OK 240, 159.93 154.05 0.37
D42K 2R 172.06 155.82 0.65
D25K ER 170.41 158.50 0.12
VL25K =5 90.07 83.78 0.07
D28K ek 240.29 238.96 0.02
238
VL28K u 130.29 129.57 0.02

Th 141.92 141.55 0.04




batches shipped to the Applied Physics Division. The fuel weight§ rangek
from 14 mg for 0.0005-in.-thick 239py cores to 240 mg for 0,005-1-n.-t‘h1c -
large-diameter uranium cores. The weight uncertainty of the m?\_]or ISO.-

tope varies from +0.65 mg in the 242py alloy to +0.02 mg in the high-purity

uranium material.

A 95% confidence interval may be calculated for each foil
type to show weight uncertainty in percent of the major isotope presefxt.
The calculated confidence intervals, which varied from 0.02 to a maximum
1.04%, were shortest for the uranium and thorium foils. Calculated weight
uncertainties for 0.005-in.-thick plutonium foils were generally from 0.5 to
0.8%, whereas 0.0005-in.-thick foils showed weight uncertainties near 1%.
A portion of the uncertainty difference in the latter foils is a result of the
relatively larger weighing error that occurs when weighing the 14-25-mg
cores. On the basis of the 0.0005-in. plutonium foils, all production batches
of activation-measurement foils met the desired 99% weight accuracy.

C. Fast Reactor Analysis and Computational Methods

1. Reactor Code Center. M. Butler, P. Henline, and M. Legan, AMD
(02-085; last reported: ANL-7845, p. T2l

In August, 11 program packages were reviewed and placed in the
Argonne Code Center library for distribution. Seven of these are program
acquisitions, three are replacement packages for existing library programs,
and one is an additional machine version of a library program.

The seven new programs include ACC No. 479, the FREADM-1 code*
supplied by General Electric, Sunnyvale, a fast-reactor multichannel accident
analysis program, which simulates a reactor transient before core disas-
sembly. This code written in FORTRAN IV is restricted to accidents for
which the assumption of radial symmetry is valid. Events, such as the mode
of fuel failure or voiding, may be initiated deterministically based on selected
computed variables exceeding preset levels during the accident. A second
GE 635 program package received from General Electric, Sunnyvale, is the
FUMBLE program (ACC No. 480). FUMBLE** is a fast-reactor fuel-
burnup and management calculation. Burnup calculations carried out in-
clude the evaluation of reactivity effects, breeding (or depletion) and fuel

inventories, and fuel costs for varying economic assumptions and fuel com-
positions throughout the reactor lifetime.

Battelle's Pacific Northwest Laboratory submitted the REPP! pro-
gram (ACC No. 483), a one-dimensional heat-transfer code written for

*D. D Freeman, E. G. Leff, D. J. Bender, and W. G. Meinhardt, The FREADM-1 Code: A Fast Reactor Ex-
cursion and Accident Dynamics Model, GEAP-13608 (Sept 1970).

*K
B Greeb?er and C. L. Cowan, FUMBLE: An Approach to Fast Power Reactor Fuel Management and Burnup
Calculations, GEAP-13599 (Nov 1970).

R. M. Hiatt and C. Bromley, Jr., REPP: A Thermal Hydraulic Design Code for Water-Cooled Reactors,
BNWL-1013 (Mar 1969). =
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designing boiling-water and pressurized-water reactor cores. This pro-
gram can be used to determine a range of rod sizes and lattice spacings
optimizing heat removal within the core. The design limits are total reac-
tor power, burnout heat flux, and fuel centerline temperature. This code is
written in FORTRAN IV for the UNIVAC 1108.

Three of the August acquisitions are written for the IBM 360. ACC
No. 487 is a set of FORTRAN double-precision subprograms for calculating
the properties of steam and water according to the 1967 ASME tabulations,
contributed by the Baltimore Gas and Electric Company. ACC No. 489,
TRIFIDO,* is a FORTRAN IV code written at the Comision Nacional de
Energia Atomica, Buenos Aires, to process data from pulsed-neutron ex-
periments calculating reactivity by the Garelis-Russell, Gozani, and
Sjostrand methods. MOD-5** is a FORTRAN IV calculation of neutron time-
energy distributions in the slowing-down region prepared at the U.S. Naval
Postgraduate School, Monterey. A discrete Markov slowing-down model
is used.

The National Neutron Cross Section Center, BNL, contributed the
RAMP-1 program for the CDC-6600, which calculates scattering, capture,
fission, and total cross sections according to the Reich-Moore formalism
using ENDF /B Version II data.

Replacement packages have been received from the originators for
the Bettis Atomic Power Laboratory's PDQ-7 program (ACC No. 275), the
Idaho Nuclear Corporation's CONTEMPT (ACC No. 297) and COMTEMPT -
CONPS (ACC No. 433) programs, and the Battelle Pacific Northwest Lab-
oratory's HRG-3 (ACC No. 467) code. The new BAPL PDQ-7 version is
written for the CDC-6600 computer and thé SCOPE 3 Operating system. It
may be used to solve, in addition to the four problem types of the earlier
version (eigenvalue, boundary value, one iteration, and fixed source), addi-
tive fast-source and simplified P, problems as well as the three-dimensional
synthesis eigenvalue problem. Control searches, thermal feedback, and xe-
non feedback are optional. The CONTEMPT-PS package will be ACC No. 433,
and ACC No. 297 will be deleted, since the new version provides the capabil-
ities of both earlier versions and contains improvements including a factor
of three in execution speed. The HRG-3 program package replacement in-
cludes some corrections, and the addition of BCD library data and an auxil-
iary routine for converting from the BCD library data-tape format to the
binary format.

In addition, a UNIVAC 1108 version of the LEOPARD program (ACC
No. 279) was received from the Jersey Nuclear Company.

*F. Difilippo and N. Pieroni, TRIFIDO Codigo para calcular parémetros cinéticos en experiencias con neutrones
pulsados, CNEA-Re 44 (Aug 1970).
**T J. Williamson, MOD-5: A Computer Code for Calculations of Neutron Time-Energy Distributions in the
Slowing Down Region. NPS-61WN71061A (June 1971).
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VIII. REACTOR SAFETY

A. Coolant Dynamics. H. K. Fauske
(02-114 and 02-614)

1. Sodium Superheat. R. E. Henry, R. E. Holtz, and R. M. Singer
(Last reported: ANL-7833, p. 8.1)

a. Single-pin Superheat Tests with Loss of Flow and Boiling
Detection (Last reported: ANL-7833, p. 8.1)

During the past several years, a number of sodium-boiling ex-
periments have been conducted. Most of these have involved the detection
of incipient boiling. Several different techniques have been used, such as
voltage taps, eddy-current coil pairs, pressure transducers, accelerometers,
and thermocouples. Each technique had certain advantages and disadvan-
tages, depending on the detailed application. Our experiences are summa-
rized here.

(1) Thermocouple. To use thermocouples for the detection of
incipient boiling, it is desirable to locate the thermocouple junction as close
as possible to the region where boiling is expected to occur. In practice,
this results in the installation of a number of thermocouples distributed
over the most probable boiling region. The junctions can be located within
the liquid, at the interface of the heated wall and liquid, within the heated
wall, or attached to a structure that is in intimate contact with the liquid.
The response of the thermocouples to a temperature chaﬁge caused by
boiling is maximized by using the first two locations and is somewhat less
for the latter two. The actual response times depend on the proximity of
the thermocouple to the point of inception and on the size and construction
of the unit (i.e., bare wire, clad, ungrounded, etc.).

The type of signal emanating from a thermocouple at incep-
tion of boiling depends strongly on the thermodynamic state of the liquid at
the time, i.e., whether the liquid is subcooled, saturated, or superheated.

If the liquid is superheated at incipient boiling, the liquid temperature will
drop rapidly to the saturation level as vaporization starts. This sudden
decrease is detected easily and provides a definite instant at which boiling
started, if the thermocouple junction is located relatively near the nucleation
point. If the liquid is subcooled or very close to saturation at incipience,

the temperature change will not be as dramatic as in the superheated case.
In place of a sudden change in temperature, a change in the frequency of
temperature fluctuations will result. This is usually more difficult to de-
tect, and thus results in more error in determining the time at which nu-
cleation occurred.

(2) Accelerometer. The ability of an accelerometer to detect
incipient boiling depends on vibrations caused by growing and collapsing

8.1
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vapor bubbles. In our tests, the accelerometer was mounted on a rod that
was welded to the outer wall of the test apparatus. The output signal was
recorded electrically and also amplified and fed into a loudspeaker. This
technique did not require placement of the accelerometer close to the nu-
cleation point, but merely required it to be in contact with a part of the
structure in intimate contact with the liquid. For our purposes, the accel-
erometer provided an excellent qualitative indication of boiling, especially
because of the audio possibilities. Again, because of the suddenness in the
change of the sound level, nucleation of a superheated liquid was more
readily observable than that of a saturated liquid.

(3) Eddy-current Coil Pairs. When boiling occurs, the sur-
rounding liquid is accelerated away from the point of nucleation by the
vapor growth. This liquid motion can be detected by several techniques,
including an electromagnetic flowmeter in the all-liquid region or a pair
of interacting eddy-current coils in the multiphase region. The latter tech-
nique was used during the sodium-expulsion tests in which a number of coil
pairs were located at spaced axial positions in the flow channel. The prin-
ciple of operation of the coil pairs involves the generation of a high-frequency
signal in one coil that is detected in the other coil. The magnitude of the
detected signal is directly proportional to the electrical conductivity of the
material between the coils. Thus, the coil pair can sense the passage of
a gas-liquid or vapor-liquid interface through the high-frequency field.

The coils were mounted outside the flow channel and were operated at an
ambient temperature of 1000°F.

Because these coils are only sensitive to an interface
moving through their field, it follows that they are most accurate when a
rapid vapor growth occurs. Thus, as with the previous two techniques, this
technique has its best accuracy when initial superheat exists.

(4) Pressure Transducers. When a liquid suddenly boils or a
vapor bubble condenses, a pressure pulse occurs that is propagated through-
out the system. If a pressure transducer is located within the fluid, it is
possible to detect this pressure fluctuation. The pressure rise associated
with vapor growth is essentially limited by the incipient liquid superheat;

59 again, the detection of this pressure rise is enhanced when the liquid has
significant superheat. The vapor-collapse pressure pulses, however, can

be much larger than the vapor-growth pressure pulses and can be detected
much more easily.

In our pool-boiling tests, a strain-gauge-type pressure
transd.ucer operating at about 500°F and located approximately 18 in. from
the. ?)oﬂing region responded quite well to pressure disturbances caused by
boiling. In our forced-flow tests, a similar transducer located downstream
from Fhe .test section gave a clear indication of pressure pulses caused by
vaporization and condensation. The actual location of the transducer in



either test should not have a major effect on the detection of boiling per se,

but might affect the accuracy of the determination of the actual time of
nucleation.

(5) Voltage Taps. For our out-of-pile experiments, the most
satisfactory technique for detecting incipient boiling, both in regard to
sensitivity and accuracy, was that of voltage taps that were used to measure
the electrical resistance of short axial segments of the fluid and structure.
This technique consisted simply of passing a small direct current through
the liquid and outer structure and measuring the voltage drop in the test
apparatus using wire electrodes attached to the outer-wall structure.

By such a procedure, the change in electrical resistance
caused by vaporization could be detected easily; in addition, the passage
of small discrete gas bubbles could be observed. This technique not only
indicates when boiling begins, but also (1) the time it was initiated and
(2) the space-time behavior of theliquid-vapor interfaces following inception.

2. Sodium Expulsion and Reentry: Out-of-pile. R. E. Henry and
R. M. Singer (Last reported: ANL-7833, p. 8.2)

To study the expulsion and reentry phenomena and their relationship
to a given LMF BR, it is necessary to achieve a close simulation of the pri-
mary factors governing the transient behavior of the coolant, such as
(1) hydraulic diameter, (2) heated and unheated length, (3) upper and lower
plenum regions, and (4) a close approximation to the actual flow-coastdown
rate. The Out-of-Pile Expulsion and Reentry Apparatus [OPERA], which is

under construction, will produce a close simulation for all these parameters.

The apparatus is a once-through system in which the sodium flows from a
high-pressure vessel, through the test section, and into the receiver (low-
pressure) vessel. The flow transients that will be investigated are (1) an
unprotected flow coastdown, and (2) partial or complete inlet flow blockages.
A gas-operated control valve will be used to produce the required blockages,
and the coastdown will be generated by venting the high-pressure tank
through a converging-diverging depressurizing nozzle.

The basic OPERA system is identical to the R-series in-pile vehicle.

Therefore, the experience gained in the system performance will be of value
in designing and debugging the in-pile apparatus.

In the preparation of OPERA, the status is: (1) The high-pressure
and low-pressure vessels have been fabricated, and all the welds have been
checked; (2) the unistrut support structure has been completed; (3) the
22.5-in.-heated-length test section has been instrumented with inlet and
outlet flowmeters, 23 outer-wall thermocouples, and 26 voltage taps; and
(4) modifications for the seven-pin heater have been completed.

8.5
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B. Fuel-element Failure Propagation
B. D. LaMar (02-116)

1. Out-of-pile Studies. J. B. van Erp (Last reported: ANL-7776, p. 103)

a. Fission-gas Release Studies (Last reported: ANL-7776,p.103)

(1) Gas-release Studies in Small Pin Arrays with Nonmetallic
Fluids (T. C. Chawla and E. L. Kimont). Slow-gas-release experiments,

using an electrically heated test section having 19 stainless steel pins with

water as coolant, were completed. Preliminary results have been reported
(J. B. van Erp, C. J. Roop, and P. L. Zaleski, Simulation of Slow Fission Gas
Release in an LMFBR Fuel Subassembly, Trans. Am. Nucl. Soc. 14, 1,

p. 277, June 1971). Detailed analysis of the data is under way.

A series of experiments is being performed, using a three-
pin unheated test section, to establish the operating conditions for the heated
three-pin sodium experiment. Particular attention is being given to (a) gas-
jet impingement and (b) gas blanketing immediately downstream of the in-
jection point for a large breach com-
bined with a low pressure drop across
the breach. Figure VIII.]l shows how,
for this latter condition, the gas will
stay in a confined region (one or more
subchannels, depending on the release
rate) over a certain axial height, be-
fore breaking up and dispersing in
the test section.

For the case of Fig. VIII.1,
argon was injected in a continuous
stream into a three-pin test section
with water as coolant. The test sec-
tion consisted of one stainless steel
pin and two Lucite pins. The gas was
injected from the stainless steel pin
through a 0.060-in.-dia hole, at a
pressure drop of 2.5 psi across the
hole. The coolant velocity was 20 ft/
sec. A region with high void fraction
is formed (having for the case of
Fig. VIIL1 Fig. VIIL.1 an axial height of approxi-
mately 2 in.), in which the coolant film
could heat up. Additional tests are
planned with larger gas-injection holes

Release of Argon in a Continuous Stream into a

Three-pin Test Section. Operating conditions are:
circular orifice with 0.060-in, diameter, 2.5-psi R 3 z
pressure drop across orifice, and 20~ft/sec coolant with Blit=like Shape’ S o larger

velocity. ANL Neg. No. 900-962. gas-release rates.
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(2) Gas-release Studies in Sodium (R. E. Wilson). Gas-jet
impingement studies using a single-channel rectangular heated test section
have been completed using argon heated to 900°F. The data are being ana-
lyzed. Previous results with unheated argon have been reported (R. E. Wilson,
J.B.van Erp, and H.K. Fauske, Heat Transfer to a Flowing Sodium-Gas
Mixture, Trans Am. Nucl. Soc. 14, 1, p. 244, June 1971).

Fabrication of a three-pin test section for use with sodium
has been completed, and assembly, instrumentation, and installation prepa-
rations for tests are under way. Ten heaters were received for this test
section; however, it was necessary to reject a disappointing number of them
because of faulty internal thermocouples.

The design of a seven-pin sodium test section is nearing
completion. (Some redesign was necessary to accommodate the differential
thermal expansion between the outer shell and inner shroud.) Fabrication
of some components has started.

(3) Analytical Studies of Fission-gas Release (T. C. Chawla
and C. Fiala). The sudden nearly simultaneous failure of a large number
of fuel pins in an LMFBR subassembly might be caused by, e.g., (a) unpro-
tected loss-of-flow or power-excursion accidents, causing the cladding
temperatures to rise beyond their failure threshold, or (b) sudden failure
of one or a small number of fuel pins at very high burnup, resulting in
rapid fission-gas release and subsequent failure of neighboring pins due to
generation of pressure pulses. At present, the latter mechanism is con-
jectural and might prove to be nonviable as more information becomes
available.

»

The flow transients (both expulsion and reentry phases)
subsequent to the occurrence of multiple-pin failures resulting in rapid
fission-gas release are described here. These phenomena might be im-
portant because of reactivity effects or fuel-pin gas-blanketing times. The
calculation method is based on an extension of a model that has been veri-
fied experimentally. [See T. C. Chawla and B. M. Hoglund, A Study of
Coolant Transients During a Rapid Fission Gas Release in a Fast Reactor
Subassembly, Nucl. Sci. Eng. 44, 320-344 (1971)]. The principal assump-
tions on which the model is based are: (a) The fission gas spreads out
uniformly over the entire subassembly cross section, and (b) the coolant is
incompressible. Furthermore, for the case reported here, it is conserva-
tively assumed that (c) the resistance to the flow of gas within the fuel pin
is negligible, and (d) the cladding breach size is so large that its effect on
the gas-release rate may be neglected. Finally, the inertial and frictional
contributions of the liquid columns beyond the pin bundle, as well as the
three-dimensional flow effects in the outlet and inlet plenums, have been
taken into account.
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Figure VIII.2 gives some results for an FFTF driver fuel

subassembly.
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Fig. VIIL2

Displacement of Upperand Lower Gas-Liquid Inter-
faces, following Rapid Fission-gas Release in an
FFTF Driver Fuel Subassembly, as a Function of
Time, with Number of Fuel Pins Rupturing Simul-
taneously as Parameter. It is assumed that the axial
location of the breach is at the core center, the
gas-plenum pressure is 800 psia, and the coolant
velocity is 25 ft/sec. ANL Neg.No. 900-933 Rev. 1.

The calculation of the flow transients was terminated when

the upper interface reached the sub-
assembly outlet. From Fig. VIIL.2

it follows that the flow transients ini-
tiated by nearly simultaneous failure
of more than ~90 pins will, under the
above assumptions, result in gas
blanketing of the fuel pins for time
periods >0.25 sec, which is enough
time for completely blanketed cladding
to reach failure thresholds. Further-
more, it can be seen from Fig. VIIL.2
that, if the number of pins that fail
nearly simultaneously exceeds ~170,
the gas could reach the subassembly
inlet nozzle and enter adjacent sub-
assemblies, so that reactivity changes
would be greater than expected from
a single-subassembly accident.

If the fuel pins remain gas-
blanketed for times of ~0.4 sec, the
cladding temperatures might exceed
1000°C. For this case, the coolant
might boil on reentry near the core
exit. Coolant boiling could also occur

for the case of simultaneous failure of more than ~90 pins, followed by
time-staggered failure of additional fuel pins.

A model is being developed for calculating the amount of
gas that might escape from the subassembly inlet nozzle after the upper
liquid-gas interface has reached the subassembly outlet; the model will be

verified experimentally.

As mentioned previously, these calculations are based on
conservative assumptions (particularly in neglecting the flow resistance
inside the fuel pins due to the presence of reflector and fuel) and thus repre-
sent an upper bound for the assumed cladding-rupture location.

b. Failure-propagation Modes Other than due to Fission-gas

Release (Not previously reported)

(1) Subchannel Crossflow, and Coolant-flow Starvation

(Tf C. Chawla).. Subchannel coolant-crossflow data are needed in the anal-
ysis of fuel-'fallure propagation resulting from, e.g., subchannel flow block-
ages, fuel-pin bowing, and fission-gas release. Preliminary data are given
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here on subchannel crossflow, as well as on the effects of a planar flow
blockage (i.e., the limiting case for coolant-flow starvation) in the heated
zone, consisting of four coolant subchannels (one subchannel plus its three
contiguous subchannels), on the cooling conditions in the affected subchannels.

The experiments used a test section consisting of a hex-
agonal array of 19 electrically resistance-heated stainless steel thin-walled
pins in equilateral-triangular arrangement, which simulated part of an
LMFBR subassembly. Water was used as coolant. The 72-in.-long pins
were of 0.250-in. OD, were spaced at a pitch of 0.3025 in., and were wire-
wrapped (wire diameter, 0.050 in.) at an axial pitch of 12 in. Thermo-
couples were installed inside the pins in representative subchannels at
various axial locations, both in the coolant (protruding through the pin wall
and insulated from it; the time constant was ~2 msec), as well as spot-
welded onto the pin wall.

For the measurement of subchannel crossflow, hot water
was injected at low velocity into the unheated test section through a0.060-in.-
dia hole in the wall of the central pin at an axial location 15.375 in. above
the inlet grid, for various axial coolant velocities. The steady-state in-
creases of the coolant temperatures in the subchannels at various axial and
radial locations were recorded, from which the crossflow data were derived.
The local axial subchannel coolant velocities were determined by introducing
pulse-like temperature disturbances in the test section and measuring the
transit time of the pulse between two coolant thermocouples located at dif-
ferent heights in the same subchannel, more than ~20 in. downstream of the
source of disturbance. The crossflow coefficient, Cjj, is derived from the
axial temperature profiles in the coolant s‘ubchannels using the equation

p 2[T(z) - Ty(z + bz))]

i

A 3[Ty(z) - Tj(z) + Ti(z + Azy) - Tj(z + Azy )]

which is valid for fully developed flow [J. T. Rogers and N. E. Todreas,
"Coolant Interchannel Mixing in Reactor Fuel Rod Bundles, Single-Phase
Coolants," in Symposium Volume (V. E. Schrock, Editor), Heat Transfer

in Rod Bundles, ASME Winter Meeting (1968)]. The subscripts i and j
refer, respectively, to the subchannel into which hot water is injected, and

to a contiguous subchannel. The left side of the equation represents the
ratio of (1) the total crossflow from subchannel i to subchannel j to (2) the
total axial flow in subchannel i, over an axial length equal to the axial pitch,
p, of the wire-wrap. The factor 3 in the denominator of the equationaccounts
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for the fact that each subchannel has three contiguous subchannels, whose
space-averaged behavior is assumed to be identical. For the test sectic.m'
described above, the coefficient Cijj was equal to ~0.39 for coolant velocities
between 20 and 30 ft/sec (Re from 21,000 to 32,000). This value is in rea-
sonably good agreement with the values found by Waters* (~0.4 for p from
4 to 18 in. and Re =~ 70,000), Baumann and Moeller** (~0.55 for p = 10 cm

and Re ~ 20,000), and Marian and Hines' (0.48 for p = 6 in.andRe = 55,000).

The four- subchannel flow blockage was studied by heating
the test section uniformly (maximum heat flux ~20 W/cmz), and recording
the steady-state values of the coolant and pin-wall temperatures at various
axial locations, both in subchannels behind the blockage and in not-blocked
subchannels. It was found that the heat-transfer coefficient in the central
subchannel of the blocked region at an axial location 0.25 in. downstream
from the blockage, as determined from coolant and pin-wall temperatures,
can be represented by

Nu = 9.58Re%28pr0:33,

within the range of Re values tested. The heat-transfer coefficient in un-
perturbed subchannels was experimentally found to follow the expression

Nu = 0.041Re%8pPr®33,

For coolant velocities of less than about 30 ft/sec, the local heat-transfer
coefficient for the blocked case was higher than that of the unblocked case,
but for coolant velocities of greater than about 30 ft/sec the opposite was
found. These findings are in general agreement with the trend found for

the effect of turbulence on local heat transfer closely behind flow obstruc-
tions [J. Kestin, "The Effect of Free-stream Turbulence on Heat Transfer
Rates," review article in Advances in Heat Transfer, Volume 3 (T.F.Irvine,
Jr., and J. P. Hartnett, Editors), Academic Press, New York, 1966].

2. In-pile Studies. D. H. Lennox and C. C. Bolta (Last reported:
ANL-7833, p. 8.6)

a. Loop Development. J. H. Tessier (Last reported: ANL-7833,
p- 8.6)

Previous calculations (ANL-7833) describing the potential of
the dogleg and concentric FEFP loop concepts to simulate FFTF coolant
response to pressure perturbations led to the conclusion that both loop

*E. D. Waters, Fluid Mixing Experiments with a Wire Wrapped 7-Rod Bundle Fuel Assembly, HW-70178,
REV (Nov 1963).

**W. Baumann and R. Moeller, Experimental Study of Coolant Cross-Mixing in Multi-rod Bundles, Consisting
of Unfinned, One-, Three-, and Six-fin Fuel Rods, Atomkernenergie 14, 56, 298 (1969).
V. R. Marian and D. P. Hines, Transfer of Coolant Between Adjacent Subchannels in Wire-Wrap and Grid
Spacer Rod Bundles, Trans. Am. Nucl. Soc. 13, 2, 807 (1970).




concepts provided adequate simulation of upper slug response, but that the

dogleg concept produced a poor simulation of the lower slug response be-

cause of high flow resistance in the pump leg. These analyses were based
on a 37-fuel-element test subassem-

T [ bly and a hydraulic model describing
il E only two fluid columns.
e e e | Downcomer
Ueparigast The hydraulic model has been
Location of extended to include bypass flow.
E;?f:'-:ﬁ':ﬁ——-- perturbotion —e i Figure VIII.3 graphically illustrates
aL Rt +1 the original and current hydraulic
“Lower" slug ——U saciion models.
ORIGINAL_HYDRAULIC cunazu;oszg;amc Estimates of coolant response
(no byposs) (includes bypass) to pressure perturbations in the C2

loop caused by sodium boiling and
Fig. VIIL.3. Original and Current Hydraulic Models fission-gas release have been made

for test subassemblies containing 7,
19, and 37 fuel elements. Figure VIII.4 shows the results for gas release.
The calculated expulsion characteristics of the C2 loop with a 37-element
test subassembly are in good agreement with the characteristics calculated
for a high-flow FFTF subassembly. Smaller FEFP test subassemblies
show a faster response than the 37-element bundle because they contain
less sodium (i.e., have smaller flow area and require less change in cool-
ant flow rate to produce the same displacement as in a large subassembly).
For the case of gas release, the bypass flow increases appreciably during
the first 10 msec of the experiments and the flow through the pump de-
creases sharply, but does not reverse.
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b. Preparation of Experiment Plan. E. W. Barts and R. T. Curtis
(Last reported: ANL-7776, p. 106)

The fuel plan for the FEFPL test has been prepared. It identi-
fies the fuel-element requirements for FY 1972 and FY 1973. The plan is

829



based on current experimental planning and on the use of the concentric
FEFP in-pile loop with a helium heat exchanger and tests using eithe‘:r

19 full-length FFTF fuel elements or 37 shorter fuel elements. During that
period, the use of preirradiated full-length FFTF fuel elements is .not
planned, but shorter elements can be irradiated in EBR-II for use in the
test program. A facility to assemble preirradiated elements into the test
train will become available during FY 1974.

A total of 293 fuel elements will be required for the support of
the experimental program through the first eight tests. The elements for
the first six experiments should be full length and built to FFTF standards
insofar as feasible (RDT Standard E-13, Type 3.2) except for the enrich-
ment of the uranium fraction, the processing to simulate end-of-life condi-
tions in the fuel, and the instrumentation of the element. The elements for
the next two experiments should conform to FFTF standards as much as is
feasible, but in addition to enrichment and instrumentation deviations they
must be shorter in both total length and length of active zone to permit ir-
radiation in EBR-II.

The simulation of end-of-life conditions in the fuel element was
examined. In general, all the effects of radiation are subjects of continuing
research. In almost every case, the effects are known qualitatively and
have been measured, but with considerable scatter, and the phenomena are
not well-enough understood to allow prediction with substantial accuracy.
For these reasons, there will be some doubt as to the steady-state condi-
tions we wish to simulate, as well as more doubt as to the effectiveness of
the simulation.

Nevertheless, reasonable efforts to simulate end-of-life fuel
will make FEFP experiments more meaningful and better than if conducted
with fresh, as-manufactured fuel. Continued efforts to monitor research
in radiation effects is essential, as well as a selective program to develop
the detailed procedures needed to achieve simulation and to verify the
quality of the simulation.

Pending development of better steps to achieve simulation, the
following process can be used: (1) To simulate the loss of cladding ductility,
the cladding will be cold-worked 30%; (2) to simulate fission-gas buildup,
the elements will be pressurized to approximately 300 psi at room tempera-
ture with argon; (3) to simulate the mechanical interaction of fuel and clad-
ding, oversize pellets allowing only 3 to 4 mils gap will be used; (4) the
other effects of irradiation can be achieved insofar as possible by irradia-
tion in ETR and by conducting the experiments toward the end of a cycle;
the fuel will be taken through at least three to four thermal cycles during
the preparatory phase of the experiment; and (5) control experiments to
characterize the fuel must be conducted using cladding materials that have
been subjected to simulation processing.



1. Transient In-pile Tests of Ceramic Fuel.

C. Fuel Dynamics Studies in TREAT

C. E. Dickerman (02-117)

reported: ANL-7845, p. 8.5)

a.

C. E. Dickerman (Last

Loss-of-flow Simulation with Seven-pin Cluster of Fresh Fuel

(Test L2) (Last reported: ANL-7765, p. 93)

The power-calibration factor for the L2 experiment has been
determined by a radiochemical analysis of the center fuel pin and a pin in
the ring of six in a seven-pin assembly identical to the assembly that will
be used in the L2 experiment.

The L2 test section will be unshielded except for dysprosium
cylinders on the outside of the pressure shell and extending over 3.75 cm

I»

Fig. VIIL5.

FISSION DISTRIBUTION

TEMPERATURE OF CLADDING

Horizontal Fission Distribution Typical
of Those for the Unshielded L2 Case,
and Corresponding Horizontal Cladding
and Coolant Temperature Profiles

at each end of the 34.44-cm
length of oxide. The unshielded
length of the fuel pinis 26.94 cm.
The objective of this partial
shielding is to reduce the power
peaking in the end pellets due

to the large solid angle over
which these end pellets see the
TREAT core. No general radial
shielding is used. In a cluster,
the peripheral pins tend to be
overcooled due to the geometry
of the cluster boundary. The
shielded calibration run showed
that the power in the peripheral
pins would not be high enough

to compensate for the additional
flow area at the periphery. Fig-
ure VIII.5 shows a horizontal
fission distribution typical of
those for the unshielded L2 case,
and corresponding horizontal
cladding and coolant tempera-
ture profiles.

All the parts for the
prototype void-detector system
that will be tried in conjunc-
tion with the L2 experiment
have been fabricated. Assem-
bly of the L2 test section has
begun.
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2. Experiment Support. M. B. Rodin (Last reported: ANL-7845, p. 8.6)

a. Procurement of Mark-IIA Loops for In-pile Tests (Last
reported: ANL-7845, p. 8.6)

All six Mark-IIA integral TREAT loops (through A6) have been
completed. Completion of fabrication of the four closure flanges, including
the two containing the enlarged penetration for placement of the thermo-
couples (to provide for the leads of the prototype void detector) and the
two main closure clamps, is imminent. The A5 ALIP unit has been com-
pleted, and the A6 ALIP unit is undergoing final inspection. The prototype
ALIP unit is being assembled. The quality-control records for the com-
pleted items are being audited.

Toward completion of the last run of Mark-IIA loops A7 through
AlZ, all except two items of the material (TP316SS and Inconel X750) re-
quiring special examinations to comply with the specification have been
received; delivery of the balance is imminent. Fabrication of components
to be used in assembling these loops has commenced.

b. Procurement of Stretched Mark-IIC Loops for In-pile Tests
(Last reported: ANL-7845, p. 8.6)

Detailed design of the Mark-IIC loop is in progress. Approxi-
mately half of the drawings have been completed, but must be checked. The
loop is being designed in accordance with the applicable sections of the
1971 edition of the ASME Boiler and Pressure Vessel Code, Sect. III, and
the RDT Standards and is being supported by the required stress analyses.

3. Analytical Support. A. B. Rothman (Last reported: ANL-7845, p. 8.7)

a. Modeling of Multiple-pin Behavior. J. C. Carter (Last
reported: ANL-7845, p. 8.9)

The calibration factor for the unshielded L2 test cluster was
measured by means of enriched foils located on the surface of the pins and
radiochemical analyses of oxide pellets from the central pin and one periph-
eral pin. Before measurements of the calibration factor, estimates were
made using the SNARG code, which is based on two-dimensional transport
theory and the Argonne cross-section set 201 . The estimates were made
in both R-Z and X-Y geometries. Table VIIL 1 compares the estimates and
measured values, averaged over the cross section of individual fuel pins,
and over the assembly of seven pins.

In the R-Z estimate, the ring of six pins was transformed to a

cylinder with approximately the same volume and surface as six 34.44_-cm-
long fuel pins.



TABLE VIII.1. Unshielded L2 Power Calibration Factor

Fuel-pin Calibration Factor, (J/g)/MW-sec
Location R-. X-Y Measured

1 (central) Feld 3.50 Br2d

2 (peripheral) 4.72 5eal 4.49

3 4.72 5.30 4.59

4 4.72 531 4.69

5 4.72 5.30 4.67

6 4,72 5.31 4.57

7 4.72 5.31 4.48
Average calibration factors for the seven-pin assembly:

4.6 5.04 4.40

b. TREAT Test Analyses. T. R. Burns (Last reported:
ANL-7765, p. 96)

The current version of SAS2A, including both multibubble cool-
ant voiding and pressure variation in the vapor, has been used to analyze
potential experiments for the L2 loss-of-flow simulation in TREAT. The
seven-pin test section is represented in the calculation by one "average"
pin and an equivalent amount of
coolant and structure. The re-
mainder of the Mark-II loop has
been approximated in the code by

~
=3
S

With filter

3
=3
S

@
S
S

equivalent inertial lengths.

Sodium Temp at Top
of Fuel Pin, °C

ry
k=3
S

The power transient used
is the overshoot Transient B shown

~
=
S

2% 0 in Fig. VIII.6. The linear power
=% -/ density is assumed to be a con-
224 Tionsen A ‘stant 10.3 kW/ft in the fueled
H A 6 0 [ O R S s section; steady-state power was
Y : A ;o ® 160 W/g. Sodium superheat was
ime, sec

taken to be 5°C, and the two-phase
Fig. VIIL6. Effectof Shape of TREAT Transient on Dura-  iriction-factor option available in
tion of Steady-state Sodium Temperature SAS2A was used. A sodium-film
thickness of 0.015 cm was used.
The inlet coolant temperature was assumed to remain constant at 460°C
throughout the transient. Sodium exit pressure was 37 psi, and velocity
was 170 g/cmz-sec.

Two different types of flow schemes were used in the L2 calcu-
lations: a constant reduced flow and, as shown in Fig. VIII.7, a linearly
decreasing flow. A comparison of conditions at the top of the heated section
was made between the decreasing flow, a constant flow of 40.0 g/cmz-sec,
and a reference flow-coastdown calculation for FFTF. The FFTF case was
a hot-channel calculation, using 14.8-kW/ft peak axial power, an initial cool-
ant flow of 654 g/cm®-sec, and 5°C superheat. The rate of flow decay is
that given in Fig. VIIL.8.
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Fig. VIIL.8. Primary-coolant Flow for FFTF Case

Figure VIII.9 shows the axial temperature gradients at the top
of the fueled section for FFTF and the two L2 calculations. The FFTF tem-
perature gradient is small because of the relatively slow rate at which the
flow decays. The structure immediately above the fueled section remains
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Fig. VIIL.9. Comparison of Axial Temperature
Gradients for Test L2 and FFTF at
Boiling Initiation

nearly in equilibrium with the coolant.
The axial temperature gradient of the
L2 linear flow coastdown appears
closer to that of FFTF than does the
gradient of the constant-flow case.
This is again attributed to the rate

at which the coolant is heated. The
upper structure is much cooler at the
onset of boiling with constant flow.
This is better shown in Fig. VIII.1O0,
where the rates of coolant-temperature
rise before boiling are shown for these
same three cases.

Figure VIII.11 depicts the dy-
namics of voiding up to 1.5 sec after

initiation for a constant sodium flow of 40.0 g/cmz-sec. Note that in the
initial stage of boiling many bubbles are formed that continually rewet the
cladding and prevent overheating. Cladding dryout first occurs at the top

of the fueled section 0.63 sec after boiling initiation. Melting of the cladding
is calculated to occur first at this same position 1.41 sec after boiling be-
gins. No fuel melting has taken place at the time the cladding begins to

melt,
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A similar sequence of events would be expected with the linear
flow coastdown in L2. The main difference in the voiding dynamics is that
there is less condensation at the upper interface due to higher temperatures
in the upper structure. This causes the voiding to proceed somewhat more
rapidly upward.

The voiding characteristics were very sensitive to the amount
of sodium superheat assumed in the calculation. Increasing the superheat
from 5 to 30°C resulted in boiling initiation 0.6 sec later in the transient.
However, only one vapor bubble is formed with 30°C superheat, and there
is no rewetting of the cladding during the first stage of boiling. The clad-
ding melted 0.1 sec sooner in the transient with 5°C superheat.

Changing the constant flow rate over the range of 35-50 g/cmz-
sec seemed to have no major effect on the sequence of events after boiling
began. Boiling did not occur at a flow rate of 50 g/cmz-sec, although the
coolant saturation temperature was nearly reached. At lower constant
flows, the only noticeable effect on the boiling characteristics was that the
lower interface tended to move downward somewhat more rapidly during
the initial stage of boiling. Indications are that any boiling situation that
lasts 1.5-2 sec or more will result in gross failure and melting of the
cladding.

Increasing the power from 10.3 to 15 kW/ft resulted in much
earlier and more violent boiling. Fuel temperatures were also relatively
much higher with fuel melting occurring before cladding melting. In all
cases at the lower power, melting of the cladding preceded any melting of

the fuel.
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4, Hot Laboratory Examinations. L. A. Niemark (Last reported:
ANL-7825, p. 8:26)

a. Posttransient Examinations of Samples. W. F. Murphy
(Last reported: ANL-7825, p. 8.26)

The H2 test in TREAT was part of a series of experiments con-
ducted in the TREAT Mark-II loop to determine the failure threshold in
flowing sodium of mixed-oxide fuel pins during transient overpower condi-
tions. The H2 test consisted of a single mixed-oxide fuel pin from the
PNL-17 series, with slight modifications to both the top end piece and the
spiral spacer wire. The transient exposure resulted in an integrated sample
power of 1485 J/g, which was sufficient to fail the element with extensive
melting of fuel and cladding.

Posttest neutron radiography had indicated that failure occurred
near the top of the fuel column, and appreciable quantities of fuel had been
lost over the entire length of the fuel column.

When the test section containing the remains of the fuel element
was removed from the loop, it was apparent that local meltthroughs of the
test-section tubing had occurred. The test section was slit lengthwise at
two locations 180° apart, and the parts were separated to expose the re-
mains of the fuel element.

Visual examination revealed that the cladding appeared to have
melted over the length of the fuel column, except for a small section at the
bottom. The spiral spacer wire was intact where visible. An obvious tend-
ency for the molten stainless steel to flow downward was noted, although
solidification had occurred before this process had proceeded appreciably.
The cinder-like remains of fuel intermixed with globules and filaments of
stainless steel showed little indication of a tendency to flow downward. At
least two regions of the fuel column had parts of unmelted fuel pellets.
One section toward the top of the column had pellets that might be the top
insulator pellets (see Fig. VIII.12); about 1.5 in. below this region, there
appeared to be unmelted fuel pellets (see Fig. VIII.13). The examination
is continuing.

5. Idaho Loop Operations. D. L. Mitchell (Last reported: ANL-7825,
p. 8.29)

a. Unloading of TREAT Loops in Idaho Facilities

The DI test train was unloaded successfully from its loop using
the FEF inert-gas glovebox set up for interim loop-unloading operations.
Samples of loop sodium indicated no sample failure. The pins and a flux
monitor were removed from the test section. A preliminary macroscopic



visual inspection indicated no cladding damage. Detailed nondestructive
examinations on each pin have been scheduled at the FEF, including the
following: (1) detailed visual examinations and photographs, including bow-
ing, (2) neutron radiography, (3) diametral measurements and profilometry,
and (4) axial gamma scan. After these examinations, the central D1 pin,
which has the fully enriched section, will be returned to Illinois for destruc-
tive examinations. If the condition of the peripheral pins is confirmed, the
test section is to be reconstituted at FEF using a fresh central pin in prep-
aration for the D1l "backup" test.

i
Fig. VIIL.12 Fig. VIL13
Section of Fuel Element PNL-17-42 near Top Section of Fuel Element PNL-17-42 about 1.5 in.
of Fuel Column after TREAT Exposure. Mag. below Top of Fuel Column after Treat Exposure.

~3X. Neg. No. MSD-161431. Mag. ~3X. Neg. No. MSD-161430.

= 14



D. High-temperature Physical Properties and Equation-of-state
of Reactor Materials. M. G. Chasanov (02-119)

1. Theoretical Extrapolation of Measured Physical Properties to Very
High Temperatures. M. G. Chasanov (Last reported: ANL-7825,

p. 8.30)

Calculations of equilibrium gas pressures above an LMFBR fuel -
fission-product system have been carried out to 6000°K for a variety of
parameters, including initial fuel composition, atom-percent burnup of the
fuel, and fuel density. The model assumes the gas phase, a metallic phase,
and an oxide phase to be at equilibrium in a closed system at uniform tem-
perature. Ideal-solution theory has been used to predict the thermodynamic
behavior of the various fuel and fission-product species in each of the two

condensed phases.

The thermodynamic data upon which these calculations are based
are statistical mechanical calculations using observed spectroscopic data
for most of the gaseous oxides, and measured thermodynamic data and
three-parameter extrapolations for condensed species and metallic vapor
species.

Because the major contributors to the vapor pressure (noble gases
at the lower temperatures and gaseous UO, at the higher temperatures) are
not sensitive to the oxygen partial pressure, it is not surprising that the
total pressure has been found to be relatively independent of the initial
O/M ratio and plutonium fraction. A few of the results obtained are pre-
sented in Table VIII.2 as a function of atom-percent burnup of the fuel and

TABLE VIIl.2. Gas Pressures above LMFBR Fuel-Fission-product Systemd

Partial Pressure, atm

Postburnup
Burnup, % om 0, Total Alkali Metals Noble Gases Fuel Species
2500°K
1 1.9835 404 x 106 312 1 7 0.02
3 19910 124 x 10 9.4 21 52 0.03
5 19972 290 x 107 122 % 87 005
8 2.0051 723 x 105 182 3 138 007
10 2,0101 115 x 1074 20 31 173 0.08
3000°K
1 19821 751 x 104 2.4 15 2 14
3 1.9883 107 x 1073 106 30 65 16
5 19947 153 x 1073 161 3 108 18
8 2,009 243 x 1073 238 3 173 21
10 2.009 3.4 x 103 288 5 217 23
2000°K
1 19788 167 x 1071 125 3 3 L
3 19819 163 x 10°1 238 3 13 a
5 1.9868 165 x 1071 3% 0 188 a
8 1.9961 176 x 1071 468 301 %
10 2.0031 187 x 107! 554 1 n %
5000°K
1 19753 2.83 368 19 5 163
3 19752 255 588 ] 168 159
5 19782 237 766 ] 281 155
8 1.9866 2.23 1010 80 a9 150
10 1.9943 218 1160 85 561 147
6000°K
1 19706 149 119 9 83 23
3 1.9667 128 1810 E} 250 703
5 1.9665 113 2320 50 a 687
8 19745 10.0 2950 7 667 667
10 1.9844 9.58 3320 80 834 656

2Initial fuel composition = (Up gPup 210, gg; fuel density = 5 g/cm3.



temperature for fuel of initial composition (U, gPu, 2)O;.95. In these calcu-
lations, 100% retention of fission-product species in the closed thermo-
dynamic system was assumed. The chosen fuel density of 5 g/cm3 is
representative of that assumed in a sodium-out design-basis accident.

E. Fuel-Coolant Interactions. R. W. Wright (02-164)

1. In-pile Simulation Tests: Pressure and Work Energy. R. W. Wright,
C. E. Miller, and J. J. Barghusen (Last reported: ANL-7833, p. 8.23)

a. Medium-energy Power-excursion Test (S7) (Not previously
reported)

TREAT Test S7, the initial transient meltdown test that uses
sections of prototypal FFTF fuel and a prototypal sodium temperature of
500°C, has been performed in the piston autoclave. The close-packed
seven-pin array of fuel pins that was used was fabricated at HEDL with
FFTF 0.230-in.-OD Type 316 stainless steel cladding, 0.190-in. UO, pellets,
and 0.054-in. Type 316 stainless steel wire-wrap for pin spacing. The
sodium-to-pin area ratio was 0.97. As in previous S-series tests, the
lower 6 in. of the 12-in.-long two-piece pins contained UO, pellets. The
six peripheral pins contained 10%-enriched UO, pellets. The center pin
contained 13%-enriched UO, pellets to correct for flux depression, except
that the two end pellets were of 10% enrichment.

A modified version of the piston autoclave was used for the
first time in this test. It allows initial sodium temperatures up to 600°C to
be used, and the Kaman pressure transducer (K-1903) is now mounted
directly on the vessel bottom head for better frequency response. For this
test, the piston did not vent the fuel chamber at full stroke as it did in pre-
vious tests.

The experimental conditions and results of Test S7 are given
in Table VIII.3, and the measured pressure-time history in Fig. VIII.14.
The average energy deposited in the fuel in the S7 test, 514 cal/g UO;, was
comparable to that in Tests S3, S5, and S6. The maximum observed pressure
in Test S7 was 430 psi, and the calculated conversion ratio from thermal into
mechanical energy was 6 x 107%. Both these values are the lowest observed
in any of the S-series tests.

390

\430 psi
210
360 110 psi
|

————————— Fig. VII.14

Pressure-response Record for Test S7

[E5SR| 55[1 | 55

50 95 60 65
er Peak Power, msec



TABLE VIII.3.

Experimental Conditions and Results

of Piston-autoclave Test S7

Reactor characteristics

Peak power 4644 MW
Period 40 msec
Integrated power 908 MW-sec
Reactivity 2.92

Fuel and autoclave properties

Pin dimensions

0.23-in. OD, 0.20-in.

Fuel length 6 in.

Fuel internal pressure 780 Torr

Mass of U0, 204 g

Uranium enrichment T0Z3013% 235y
Mass of sodium 186 g

Mass of piston 261 g

Sodium temperature 500°C
Sodium-to-fuel-pin area ratio 0.97

Results

Total fission energy

Fission energy at first pressure
pulse

Amplitude of largest pressure
pulse

514 cal/g UO,
360 cal/g UO,

430 psi

ID

Total impulse from all pulses 1.3 x 10° dyne-sec

Period during which pulses

occurred 15 msec
Calculated fractional conversion
of nuclear to mechanical energy 6 x 1076

Test S6, like Test S7, was performed with a close-packed wire-
wrapped seven-pin array, in contrast with the open square array of five
fueled and four dummy pins used in previous tests. (Test Sb is described
in ANL-7776, p. 119, and ANL-7833, p. 8.23.) However, Test S6b had the
0.290-in.-dia pins used in the previous tests. After the initial meltdown
pressure pulses, and when the piston had reached its full travel in Test S7
as in Test S6, there was a delayed interaction between a mass of molten
fuel and sodium. In Test S6, neutron-hodoscope data indicated that gross
fuel motion initiated this delayed interaction. Hodoscope data for Test S7
are not yet available. In Test S6, this delayed interaction produced most of
the calculated mechanical work in the event. It also produced much finely
fragmented UO,, which plugged the vents around the piston and allowed a
quasi-static pressurization of the fueled chamber by sodium vapor. In
Test S7, a similar quasi-static pressurization was produced in the unvented
fueled chamber by the delayed interaction. In both Tests S6 and S7, this
quasi-static pressurization of the fixed-volume fueled chamber was not con-
sidered to be work-producing in the calculation of the conversion ratio from
thermal to mechanical energy.

' The results of Test S7 are compared with earlier S-series tests
in Table VIII.4, where Column S6' refers to the initial pin meltdown in
Test S6b with the delayed-interaction event excluded.
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TABLE VIII.4. Results of the S-series Piston-autoclave Tests

s3 S4 S5 S6 s6'2 s7
Number of fueled pins 5 5 5 7 7
Internal pin pressure, Torr 780 780 5 x 1075 780 780
Mass U0z, g 205 205 205 286 204
Ratio of sodium to fuel-pin areas 252 2.2 22 0.94 0.97
Initial sodium temperature, °C 170 165 165 210 500
Average specific energy, cal/g UO, 460 720 509 493 493 514
Fission energy at first pressure

pulse, cal/g U0, 440 480 430 380 380 360
Amplitude of largest pressure pulse, psi 540 1800 2940 2050 1800 430
Impulse from all pulses, dyne-sec 2.39 x 10° 10.4 x 10°  24.2 x 10°  26.7 x 10° 6.8 x 105 1.3 x 10°
Calculated conversion from nuclear

to mechanical energy I R R S G B8 (e R 1 (e i e L S T
Mass mean residue diameter, u 2700 1240 220 400 -
Mass smaller than 41 u, % 1 2 17 4 -

a,
S6' gives the mechanical energy, impulse, and peak pressure from the initial meltdown events in Test S6, but
excludes the delayed interaction.

The results of Test S7 have received only a preliminary anal-
ysis. The relatively low pressure peaks and energy-conversion ratio
appear to result from the low fuel-failure threshold energy of Test S7 in
comparison with previous S-series tests. However, it is not presently
known to what extent a hypothesized fundamentally lower interaction effi-
ciency at the higher S7 sodium temperature could contribute to this result.
The failure threshold listed in Table VIII.4 for Test S6 is anomalously low
because, in this initial seven-pin test, 13%-enriched pellets were used for
the full length of the center pin in contrast with the 10%-enriched peripheral
pins. Therefore, the end pellets, where there was little flux depression,
furnished hot spots and led to a "low apparent average energy" for initial
pin failure.

Excluding Test S6, the 360-ca],/g-UOz failure threshold for
Test S7 is 20% lower than the 450-ca1/g-UOz threshold of previous tests.
However, the higher initial sodium temperature would add 30 cal/g UO; to
the UO, energy. The higher initial sodium temperature in Test S7 would
contribute to a lower failure-threshold energy than in previous tests. If the
gap conductance in the prototypal FFTF fuel sections used in Test S7 is
greater than in the fuel previously used, the S7 fuel would have a lower
failure threshold and would give a lower peak pressure and energy-
conversion ratio. However, according to the fuel-pin specifications, the
gaps in the two types of pins were nearly identical (0.003 in.), and the clad-
ding thickness was identical (0.015 in.).

It is not possible to say as yet from the S7 results that lower
pressures and conversion efficiencies will result from pin meltdown in

500°C sodium than in 200°C sodium.

Analysis of the S7 results is continuing.
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2. Model Development. D. H. Cho (Last reported: ANL-7783, p. 108)

a. Improvement of Basic Parametric Model of FCI
(Not previously reported)

The computer program of the current basic parametric model
has been improved, and a copy of the program deck with its description has
been transmitted to HEDL.

The improved program considers one-dimensional one-way
(upward) expansion of the heated sodium in the fuel-coolant mixing zone.
Calculated are time histories of the pressure generation and coolant expan-
sion, P-V work, and impulses from the interaction. The program can be
run without interruption through all phases of the heated sodium. Three
options are available for the type of constraint to be used in the program:
(a) acoustic constraint for all times, (b) inertial constraint for all times,
and (c) acoustic constraint up to the acoustic unloading time and inertial
constraint for continuation to longer times. Complete cutoff in the heat
transfer is assumed to occur by flashing of the heated sodium at the acoustic
unloading time, which corresponds to the round-trip time to a free surface
of the initial pressure wave. It is also assumed that upon flashing of the
heated sodium at the unloading time, the pressure in the fuel-coolant mixing
zone suddenly falls to the saturation pressure of the heated sodium. The
ejection velocity of the unheated sodium column at the time of unloading,
i.e., at the acoustic-inertial transition, is given by momentum conservation,

i
U :/ P dt/p L,
0

where T is the acoustic unloading time, P, is the density of the unheated
sodium column, and L is the sodium column length.

A new formulation of heat transfer has been made that takes
into account such thermal resistance as might occur if the fuel particles
were blanketed by a film of noncondensable gas or sodium vapor. Calcula-
tions based on the new formulation are under way.

F. Postaccident Heat Removal. L. Baker (02-165)

1. Core-debris Retention in Reactor Vessel. J. C. Hesson and E. Sowa

(Last reported: ANL-7833, p. 8.34)

a. Simulation Experiments to Verify Heat-transfer Model for

Internal Heat Generation in Pools (Last reported: ANL-7825,
p. 8.34)

. A container consisting of 6-in.-square copper electrodes, 8 in.
apart, with double Pyrex-glass sides (with air space for thermal insulation)
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and a water-cooled copper bottom electrically insulated from the salt water
by a Pyrex-glass plate approximately 1 mm thick, was used to conduct tests
in which salt water was heated electrically. The electric power input and
heat transfer from the bottom (based on cooling-water flow rate and tem-

perature increase) and from the top (by quantity of water evaporated) were
determined.

Tests were conducted using pool depths of 43, Z%, and 1% in.
and three values of power input (~1.5, 2.6, and 4.4 kW) for each depth. The
copper-bottom-plate temperature (which was measured) was varied by vary-

ing the cooling-water flow rate. The

temperature difference across the
bottom Pyrex-glass sheet (which
ERERTaE 5 "2 Q b was bonded to the copper plate by
y da a thin water layer) was computed
«‘:-’ ol e SRR RErN from the heat flux. This difference
E S¥orfoR = a q, & was added to the copper-bottom-plate
3 oo temperature to obtain the tempera-
2“_ i ture of the inner surface of the glass
2 Walts ol 4ec:ca 2 in contact with the salt water. The
% 2 ;5532 ‘;‘,’:: 2 total heat flow (up and down) was
EIRIR00 R 021 o8 checked with the power input.
; | L ®| Figures VIIL.15-VIIL.17 show the
o 60 80 ®  fraction of total heat flow down ver-
Bottom-inner-surface Temp ,°C .
sus bottom-inner-surface tempera-
Fig. VIIL15 ture. During the tests, the internally

Heat Transfer in 4-3/4-in.-deep (3900 cms)
Brine Pool Heated by Electrical Resistance

heated salt water tended to superheat
considerably, as evidenced by in-
creased violence of boiling due to
addition of salt, cold water, or

probes. Simple attempts to measure the superheat by thermocouples or
thermometers failed because these probes acted as nucleation sites and

caused immediate boiling. The variation in superheating might contribute
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Heat Transfer in 2-3/8-in.-deep (1950 cm3)
P-ine Peol Heated by Electrical Resistance

Heat Transfer in 1-3/16-in.-deep (975 cm3)
Brine Pool Heated by Electrical Resistance
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to scatter in the data points. At higher power rates, foaming became a
problem, but an antifoaming agent reduced this problem and should enable

tests at higher power rates.

Figures VIII.15-VIIL.17 indicate that the fraction of heat trans-
ferred down depends mainly on the bottom-inner-surface temperature in
the region of 70-100°C, but is otherwise not very dependent on the parame-
ters of the test. An attempt is being made to relate the behavior of molten
UO, to that of the salt water in terms of density, specific heat, thermal con-
ductivity, viscosity, coefficient of thermal expansion, latent heat of evapora-
tion, and vapor density.

The experiments are being continued. Plans are to increase the
power (specific heating rate) by using an antifoaming agent, to increase the
pool depth, and to decrease the lower-inner-surface temperature by using
a refrigerated coolant in place of room-temperature water. A liquid other
than salt water might be used if a suitable one can be found.

G. TREAT Operations. J. F. Boland, IF (02-122)

1. Operations. J. F. Boland (Last reported: ANL-7845, p. 8.22)
Steady-state calibration runs were made on Mark-II sodium loops
both with and without thermal-neutron filters to obtain flux-distribution

information for future experiments RAS-L2 and RAS-H3.

a. Neutron Radiography (Last reported: ANL-7845, p. 8.22)

Neutron radiographs were made of EBR-II driver fuel and of
experimental capsules from EBR-II Subassemblies X079, X086, and X080.
Neutron radiographs were also made of the fuel elements from TREAT
experiment RAS-DI.

H. Structural Dynamics and Containment
S. H. Fistedis (02-126)

1. Hydrodynamic Response of Primary Containment to High-energy
Excursion. Y. W. Chang (Last reported: ANL-7798, p. 134)

a. Insertion of Heat Transfer into Codes. T. J. Marciniak
(Last reported: ANL-7798, p. 134)

Preliminary results have been obtained using the molten fuel-
coolant interaction (MFCI) model as a pressure source inside REXCO-H.
T‘he example chosen has a simple geometry, being a subassembly of the
d1r§ensions shown in Fig. VIII.18. Three cases were studied: The first had
a rigid vessel wall, the second a 0.l-in.-thick vessel wall with an annulus
of sodium surrounding the vessel, and the third had an annulus of argon.
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Fig. VIII.18

Simple Subassembly Used for Calculations of.
MFCI Model as Pressure Source Inside REXCO-H
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Figure VIII.19 shows the Lagrangian
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mesh used in REXCO-H calculations.

-2 Figures VIII.20-VIII.22 show the

pressure-time histories at Zone (2, 4)

in the middle of the MFCI zone. In-
clusion of the flexible wall has a
strong effect on the pressures de-
veloped during the liquid heating
phase before vapor formation. The
peak pressure reached with a rigid-

wall constraint, Case 1, shows a peak

pressure of about 20,000 psi. Inclu-

sion of the 0.1-in. wall with a sodium annulus caused a reduction of peak
pressure to about 5000 psi; an argon annulus showed a 3000-psi maximum
pressure during liquid heating. The reason for the pressure peaks occurring

during calculations for Cases 2 and 3 is not clear. Apparently, they are not

due to the quasi-viscous pressure term and are due either to an instability
of the calculational procedure or to the natural frequency of the cylindrical
shell. Further cases will be run to clarify this point. This phase of the
containment-code development is being documented.
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Lagrangian Mesh Used in
REXCO-H Calculations

2

Pressure, ondyna lem

Pressure, |0‘ lynllmz

320

80

s
o
T

@
=
T

»
S

| (ST : : —
0 04 08 12 1.6 20 24 28
Time, msec

Fig. VIIL.20

Pressure-Time History at Zone (2, 4)
for Rigid Vessel Wall
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Fig. VIIL.21

Pressure-Time History at Zone (2, 4) for
0.1-in.-thick Vessel Wall with an Annulus

of Sodium Surrounding the Vessel
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2. Dynamic Response of Core Subassemblies. J. M. Kennedy (Last
reported: ANL-7833, p. 8.38)

a. Development of Mathematical Model (Last reported:
ANL-7833, p. 8.38)

The model for subassembly-wall contact with adjacent subas-
semblies (Fig. VIII.23) has been checked out. The stability problem caused
by the steep-sloped nonlinear load was resolved
by superimposing a scalar spring element and
two nonlinear transient forcing functions, which y 185
is equivalent to the originally desired nonlin- T— u U,
ear transient forcing function (shown linear in
Fig. VIII.24), where Fg is force on 6 = u; - u, © 2
(the deflection difference between contacting
mode points), k = hAzE/t, h is the width of the
contacting element, Az is the height of the con-

g

tacting element, t is the thickness of the subas- e
sembly wall, and E is Young's modulus. Subassembly-wall Contact Model
F F F
3 3 )
b /| ‘
I
o EEe e T Y 2 2 )
(Spring element) (Nonlinear functions)

Fig. VII.24. Nonlinear Transient Forcing Function

‘ A sample problem for the wall-contact study was run using the
schematic model shown in Fig. VIII.25. With the single unconstrained (later-
ally) subassembly providing the base for an indication of how much restraint
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is to be offered by the surrounding
environment in an elastic solution,
it was found that the above wall-
contact model reduced the deflections
approximately 45 and 15% for the flat
midpoint and the corner, respectively,
y for the accident subassembly. The
P(t) stress level was reduced approxi-
x  mately 45% at the flat midpoint and
40% in the corner.

30°

Fig. VIII.25. Schematic Model for the Sam-
ple Wall-contact Problem

The model for the liquid so-
dium existing in the channels between
subassemblies has been partially
checked out. The same sample problem employed in the wall-contact study
using a similar schematic model (shown in Fig. VIII.26) was used for an
elastic analysis. Early results indicate that the load is transmitted in much
the same manner as if the adjacent
walls were in contact, the corner de-
flection being the only value with a
major change. The approximate de-
flection reduction for both the corner
and flat midpoint of the accident sub-
assembly was 40%; the stress level

i

was also reduced approximately 40% ock No

for both positions. The liquid sodium P(1)

was found to be moving at a slow rate 2 ‘ X
through the channels, and there was 0

no indication that wall contact was
possible in this particular example

Fig. VIII.26. Schematic Model for the Liquid Sam-

problem. ple Sodium in Channels Problem

b. Use of Modified NASTRAN Code to Calculate Elastic and
Plastic Stresses and Deformations for the FFTF Reactor
Grid-support Structure (Last reported: ANL-7776, p. 133)

A stress and deflection analysis was performed for three dif-
ferent loading conditions on the FFTF reactor grid-support structure;
primary interest was in the skirt support.

Figure VIII.Z7 shows the basic dimensions for the model. The
first loading condition was a uniform static pressure load of 300 psi applied
to the 15° symmetric-sector finite-element model in Fig. VIII.28; an elastic
solution was found by NASTRAN. There was no indication of yielding in the
skirt support; the maximum stress attained was only 10,100 psi. Grid
point 259 was found to move down axially about 0.01 in.



8.28

—n2*

76—
e ’
1 t Z
34" 1225" .
1=1.5
4751
m-L Jt3 Fig. VIIL.27

Schematic of Core Grid-
support Structure

Fig. VIIL.28

Plot of Reactor Grid-
support Structure

Two dynamic elastic conditions using the direct transient anal-
ysis of NASTRAN were studied by employing the results of the REXCO-H
analysis on the 350-MW-sec CDA. The P-V values provided by WADCO

are given in Table VIIL.5; Fig. VIII.29 shows the reactor configuration used
by REXCO-H in the analysis.



TABLE VIIL.5. Core Sodium-vapor Expansion Values

Pressure, atm Volume, liters Pressure, atm Volume, liters
410.52 1067.52 40 15610
408.2 1295 30 19471
400 2087. 20 27572
375 2500 10 50822
350 2813 9 55850
325 3111 8 62076
300 3417 7! 69990
200 4960 6 80389
100 8226 5 94680

90 8843 4 115587
80 9586 3 149214
70 10505 2 212840
60 11685 1 383852
50 13280

2This value was calculated by ANL based on the assumption that core
vapor expanded from 1067.52 liters (core volume of ANL model) instead

of 1295 liters as provided by WADCO.

t
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Fig. VIIL.29

Reactor Model as Used
in REXCO-H Analysis

The first dynamic condition
was to convert the total load on the
reactor grid-support structure (ob-
tained from REXCO-H) to a pressure
loading. Then this was distributed
uniformly over the upper surface
of the structure as input loading.
Definite yielding occurred in the
core-basket region, and some yield-
ing also occurred in the thin annulus
near the skirt support. However,
this yielding was thought to have
little influence on the analysis of
the skirt support.

The second dynamic condition
was to take the pressure-difference
loading on the reactor grid-support
structure for the 10 horizontal divi-
sions of the reactor configuration
given in Fig. VIII.29. These pressure
loads were applied to the various
annulus regions of the NASTRAN
finite- element model. Definite yield-
ing again occurred in the core-basket
region; however, much less yielding
occurred in the thin annulus near the
skirt support, because there was less
direct applied load there.



8.30

The axial displacements for grid point 259 for the uniform-
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Fig. VIIL.30

Axial Displacement of Grid Point 259
with Uniform-pressure Loading
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Axial Displacement of Grid Point 259
with Pressure-difference Loading
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Maximum Stresses in Element 190
with Uniform-pressure Loading

ssure loading and pressure-difference loading are given in Figs. VIII.30

and VIII.31, respectively. The stresses
for Elements 188, 190, and 192 for the
uniform and pressure-difference load-
ings are given in Figs. VIII.32- VIIL.37.
There is an indication that a small
amount of yielding could occur in the
skirt support, depending on the yield
point of the material for both loading
conditions. Higher stresses in the
skirt support were attained in the
pressure-difference loading condition,
because the load is more centralized
toward the core-basket region, causing
more bending in the skirt region.
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IX. ENVIRONMENTAL STUDIES

No report this month.
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